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The fungus Aspergillus flavus L. is an agricultural threat, particularly for maize
(Zea mays L.). Its invasive growth and contamination before and after harvest can lead to
the loss of the commodity and cause life threating consequences to humans and livestock
that consume a contaminated product.
The differential expression profile of two resistant maize inbred lines, Mp313E
and Mp719, and two susceptible maize inbred lines, B73 and Va35, were evaluated in the
mRNA and protein levels. The experimental designed used allowed to observe the
responses of these maize lines to A. flavus inoculation and to the stress caused by
wounding on kernels.
Candidate genes were selected from a prior published GWAS and pathway
analysis for the expression analysis at the mRNA level. Seventeen candidate genes were
selected, and gene expression analysis via RT-qPCR was performed for nine of them.
Two of characterized candidate genes that showed an upregulation above 2-folds in the
resistant lines. These genes are involved in oxidation responses and had an associated
positive allele effect, e.g. contribute to aflatoxin accumulation. The results indicate that

their role is not necessarily to make the plant more susceptible to the accumulation of
aflatoxin but rather to alleviate the oxidative stress caused by the fungus. Susceptible
lines, in general, did not show any difference in the expression of the selected candidate
genes.
At the protein level, an in-gel analysis identified a variety of stress-related
proteins that were upregulated in response to A. flavus inoculation and to wounding stress
in the resistant lines. A list of genes associated to the proteins identified was compiled for
further characterizations and possible use as molecular markers in marker-assisted
selection of commercial maize lines resistant to A. flavus.
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CHAPTER I
INTRODUCTION

Maize (Zea mays L.) is the most cultivated cereal crop commodities in the world.
This crop serves as a staple food in many countries, especially in Africa, where over 24%
of its farmlands are occupied with the grain [1]. The United States of America is the
largest maize producer and exporter in the world. In the agricultural year 2017/18,
approximatelly 1,090,951 million tonnes of maize grain were produced and 150,000
million tonnes were exported globally. The US alone contributed to 34% and 36% of
these totals, respectively [2].
Commercial maize varieties are highly susceptible to a variety of pathogens;
however diseases caused by fungi are responsible for the most devastating losses of yield
[3]. The most significant health risk imposed by fungal contamination of maize are
mycotoxins due to their harmfulness to humans and livestock if ingested, such as acute
toxicosis and hepatocellular cancer [4]. Therefore, worldwide governments have defined
specific limits of different mycotoxins allowed to be present on food and feed [5]. The
most dangerous and highly regulated mycotoxin in the world is produced by the fungi
Aspergillus flavus L.
A. flavus is a weak and opportunistic maize pathogen; nevertheless, its produced
secondary metabolite, aflatoxin, is a major threat to humans and livestock health [6]. The
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World Health Organization (WHO) estimates that annually 22,000 people live with
severe foodborne illness; and another 20,000 people die due to health complications
caused by aflatoxin [7]. Intoxication by ingestion of aflatoxin in humans and animals has
shown to be associated with broad range of consequences, such as liver cirrhosis and
cancer, immunosuppression, reduction of efficient food use with consequent decreasing
of growth rates, and immediate death, depending on the ingested dose [8].
The economic impacts caused by aflatoxin in the US are very hard calculate since
it is a multilayered problem that can range from costs of control and surveillance to
decreased productivity and post-harvest losses [9]. Through two different economic
models, Mitchell and collaborators estimated the potential economic losses in the US
Corn Belt caused by aflatoxin between 2011 and 2013 ranged between $52.1 million to
$1.68 billion (not considering control and prevention costs, and losses to livestock
industry).
The contamination of A. flavus in maize can occur pre- and post-harvest. In the
field, the fungus can be brought to the ears by an insect, which can then colonize it
through silks, damaged husks and wounded kernels, through the kernel tip cap, or
through rachis tissue from an initial infected kernel, especially under conditions of high
heat and drought stress [10–12]. If postharvest conditions allow a combination of heat
and high humidity, the proliferation of A. flavus inoculum presented on stored grain can
grow exponentially and rot the harvest and produce aflatoxins levels well beyond
regulation permitted leading to economic and yield losses [13].
Over the years many management strategies were tested in the hopes of reducing
the infection and accumulation of A. flavus in maize [reviewed by 16]. Crop and soil
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management procedures were designed to reduce drought stress and nutrient deficiency,
and to minimize inoculum density on the soil. Insect control to reduce the risk of
wounding that enhances the fungi penetration into the grain has also been tested using
insect resistant varieties, insecticides and transgenic Bt cultivars. Another proposed
strategy to reduce the contamination of A. flavus is the introduction of non-toxigenic
strains of the fungi in the field to compete and displace the toxigenic strains. Although all
these methods have proven to be somewhat effective, the most studied approach to
reducing aflatoxin accumulation in maize is the use of host plant resistance methods
associated with breeding. These methods have started to advance to the level of
molecular genetics and genomics, allowing a more targeted, marker-assisted approach.
The importance of developing aflatoxin accumulation resistant maize breeding
lines with desirable agronomic traits has been well recognized since the late 1970s. To
date, different germplasm lines resistant to aflatoxin accumulation have been identified
and released [reviewed in 16,17]. However, because resistance against aflatoxin
accumulation is conditioned by numerous genes with effects that are sometimes too small
to be individually distinguished, and because the expression of these genes is
significantly modified by environmental factors, breeding has been slow, and no
commercial lines with sufficient resistant trait have yet been released [16]. Still, the study
of resistant lines have revealed that maize kernels produce different compounds that serve
as a mechanism to resist the colonization of A. flavus, including waxes, phenolic
compounds, chitinases and proteinases that can block or destroy fungal cells, among
others [17]. Different studies have successfully identified and characterized some
proteins associated with A. flavus attack in maize kernels, silk, and cob tissue [18–23].
3

A very effective way to ensure that these resistance traits will be passed on to the
next plant generation in a breeding program is the use of marker-assisted selection
(MAS) [24,25]. In maize, the association of resistance against A. flavus and linked
markers has been mostly established by the use of quantitative trait locus (QTL) mapping
[14,26–29]. A recent genome wide association study (GWAS) [30] revealed over 100
single nucleotide polymorphisms (SNPs) associated with reduced aflatoxin accumulation.
Complementary to this study, Tang et al. [31] identified several genes linked to known
fungal resistance metabolic pathways, highlighting the differences between resistant and
susceptible maize genotypes. The implementation of this genomic information, along
with transcriptomic and proteomic approaches, can provide general knowledge and a
more complete model outlining the role of resistance genes and how they reduce
aflatoxin accumulation [32].
The transfer of the genes from resistant donor lines to susceptible cultivars via
phenotypic selection has been hampered by low heritability and by a lack of
understanding of the genetic mechanisms of resistance in maize. Therefore, there is a
need to more comprehensively identify specific resistance mechanisms against A. flavus
infection and consequent aflatoxin accumulation in maize. Thus, this research aimed to a)
compile a list of candidate genes from previously published literature and to improve
their functional annotation; b) measure expression levels of candidate genes in resistant
and susceptible maize lines; and c) provide a differential abundance analysis of total
proteins in maize kernels in response to wounding and A. flavus inoculation.
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CHAPTER II
LITERATURE REVIEW

Aspergillus flavus L. and the production of aflatoxin
Pietro A. Micheli was the mycologist that in 1729 first described the fungal genus
Aspergillus [33]. Micheli, who was also a priest, found that the vesiculated conidiophore
structure of the fungus resembled the holy water sprinkler, aspergillum, thus deciding to
use it for the genus name (Figure 2.1). As of 2014, the genus Aspergillus has 339
identified teleomorph species that share distinctive conidia and are distinguished by the
variation of the ascocarp (cleistothecial) wall characteristics and the varying composition
and color of the stroma, the presence or absence of which is also used as a key for
identification [34,35].
Within the genus Aspergillus, the section Flavi possess several species of high
importance to the food, feed and drug industries [36]. The species assigned to this section
have in common the colors of their conidia, (shades of yellow-green to brown), and their
dark sclerotia. Although the section Flavi consists of 22 species, here we will focus only
on the species Aspergillus flavus L.. A. flavus and A. niger are the only two fungi in the
genus Aspergillus that have been found in all seven biomes present on Earth [37].
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Figure 2.1

Aspergillus conidiophore structure as seem under microscope.

Taken from Varga et al. [36]

The A. flavus species is a saprophytic fungus that can be morphologically
identified by the yellow-green color of its colonies, along with globose conidia and
biseriate seriations [33,36,38] (Figure 2.2). This group can be further divided based on its
sclerotia size: Group I has sclerotia with a diameter >400 mm and are called L (large
sclerotia) strains; Group II sclerotia’s sizes are <400 mm and are called S (small
sclerotia) strains [33]. S strains produce proportionally more sclerotia than conidia,
whereas L strains produce relatively more conidia and fewer sclerotia [39]. Strains from
both types are capable of producing a group of toxins named aflatoxins [33]. However, S
strains, reportedly, produce more aflatoxins than L strains [39–43]. Aflatoxins are
secondary metabolites produced mainly by A. flavus and A. parasiticus [44]. The
discovery of these compounds occurred in the 1960s after an outbreak that killed
thousands of poultry in England.
6

A

B
Figure 2.2

Aspergillus flavus L. conidia (A) and colonies appearance (B).

Taken from Varga et al. [36]

In May of 1960, several farmers in England started to report that large numbers of
turkeys were dying with no apparent signs of known diseases [45]. The mysterious threat
was then named Turkey “X” Disease, and soon it was also reported that ducks, chickens,
and calves were suddenly dying of similar causes. As the number of dead animals
increased, the English government investigated more closely what could be the cause.
Initially, veterinarians examined the late animals for infectious pathogenic
microorganisms; as the results came back negative, the next possibility was that the
animals were poisoned. Several known toxic chemicals were tested, but none of the
results were significant enough to explain and justify the death of all the birds. It was
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only when a farmer outside of the affected area reported the loss of his animals that the
English government was able to link the common piece in all the mortality cases:
Brazilian groundnut (Arachis hypogaea L.) meal. Whenever this ingredient was used in
the feed meal, the animals would collapse. It was then discovered that the storage
conditions of the grains were allowing the growth of A. flavus [46].
Soon after A. flavus was linked to the Turkey “X” Disease, several studies were
published with the isolation of the toxins produced by the fungus [47–52]. The first group
of scientists to isolate the aflatoxins [49,50] noticed two different fluorescence
characteristics, one having a violet-blue and the other a green fluorescence, which they
then classified as Aflatoxin B and Aflatoxin G, respectively. Separation via
chromatography allowed scientist to separate aflatoxins B and G into four chemically
different toxins: aflatoxins B1 (AFB1) and B2 (AFB2), and G1 (AFG1) and G2 (AFG2)
[48,52]. The elucidation of these compound’s structure revealed that they belong to the
chemical group of difurocoumarin derivates [53–55]. The core structure of these four
aflatoxins is composed of a bi-furan ring bound to a coumarin nucleus [56]. The
difference between the structures of aflatoxins B and G lies in the group attached to the
coumarin nucleus: AFB1 and AFB2 have a pentanone ring and AFG1 and AFG2 a
lactone ring (Figure 2.3).
These four aflatoxins are the most commonly found on food and feed samples.
However, other compounds have been identified as a result of hydroxylation (AFM1 and
AFM2, and AFQ1), epoxidation (AFB1 exo-8-9-epoxide), demethylation (AFP1), and
reduction (aflatoxicol) of AFB1; reduction of AFB2 (AFRB2); and hydroxylation of G1
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(AFGM1) [57]. The synthesis of some of these aflatoxins will be further discussed in the
next section of this chapter.

Figure 2.3

Structures of aflatoxins B1, B2, G1 and G2.

The core structure of the aflatoxins B and G is composed of a bi-furan ring (Blue) bound
to a coumarin nucleus (Red). Aflatoxins B1 and B2 have a pentanone ring (Purple)
attached to the coumarin nucleus, and aflatoxins G1 and G2 a lactone ring (Green)
instead. Adapted from Smith and Groopman [58].

With the advance of molecular techniques, in the 1990s, the enzymes and genes
that compose the pathway that produces aflatoxin began to be revealed [59–61]. The
cluster of 29 genes that form the pathway of aflatoxin synthesis is located on
chromosome 3 of the A. flavus genome, near the telomere [33]. Among these genes, two
genes function as biosynthesis regulator, one encodes a polyketide synthase, 14 and three
are enzymes related to the synthesis of sterigmatocystin (penultimate precursor of
9

aflatoxins) and aflatoxin, respectively, and nine remain to be characterized. The
biosynthesis of aflatoxin starts with the activation of the aflR [62]. This gene encodes a
FAL4-type C6-zinc binuclear DNA-binding protein that activates the genes on the
aflatoxin synthesis pathway. The aflR gene it is extremely crucial to the pathway, since
studies have shown that the deletion of this gene results in the non-production of
aflatoxins [63].
The first product of the aflatoxin synthase pathway is hexanoate, derived from
acetyl-CoA (Figure 2.4). The hexanoate is used as a substrate for the aflatoxin precursor
norsolorinic acid (NOR), which is catalyzed by a two-step reaction involving a
nonreducing iterative polyketide synthase and a monooxygenase [64]. A ketoreductase
converts the 1’-keto group in NOR to the 1’-hydroxyl group of averantin (AVN), which
is reduced to 5’ hydroxyaverantin (HAVN) and subsequently oxidized to averufin (AVF).
Two oxygenases carry out the conversion of AVF to versiconal hemiacetal acetate
(VHA). A hydrolyzation reaction, catalyzed by an esterase, converts VHA to versiconal
(VAL), which is then converted, by a cyclase, versicolorin B (VER B). VER B can
diverge to two sub-pathways, one to produce the aflatoxins B1 and G1, and the other to
produce the aflatoxins B2 and G2.
To produce aflatoxins B1 and G1, VER B is converted by a dehydrogenase to
VER A. Following the pathway to produce aflatoxins B2 and G2, VER B is converted to
demethyldihydrosterigmatocystin (DMDHST). A ketoreductase similar to Nor-1 is
responsible for converting VER A to demethylsterigmatocystin (DMST). Omethyltransferase I carries the conversion of DMST to sterigmatocystin (ST), and
methyltransferase II the conversion of DMDHST to dihydrosterigma-tocystin (DHST).
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O-methyltransferase A then catalyzes the transformations of ST to Omethylsterigmatocystin (OMST) and DHST to dihydro-o-methylsterigmatocystin
(DHOMST). Monooxygenases catalyze the conversion of OMST to aflatoxin B1 and
DHOMST to aflatoxin B2. The enzymes responsible for producing the G group aflatoxin
are still uncharacterized.

Figure 2.4

Aflatoxins biosynthesis pathway.

Simplified pathway for aflatoxin biosynthesis. A detailed list of the enzymes
corresponding to the Enzyme Commission numbers (in boxes) and the reaction they
catalyzed can be found in Appendix A, Table A.1. Pathway taken from KEGG database,
KO pathway ko00254 [65].

As previously mentioned, aflatoxin is a secondary metabolite, and as the name
suggests, is not essential for A. flavus growth, although it must play an important
metabolic role. Some studies have shown a close relationship between the growth of
vegetative and reproductive structures to the production of aflatoxin. Chanda et al. [66]
showed that the number of vesicles in an A. flavus phenotype was directly proportional to
11

the synthesis of aflatoxin. Yao and collaborators [67] suppressed two transcription factors
related to mycotoxin synthesis and fungal development; as result the growth of conidia
and sclerotia structures were affected leading to a dramatic reduction on aflatoxin
biosynthesis. Similarly, the study published by Yang [68] found that the deletion of a
phosphatase involved in development, secondary metabolism synthesis and crop infection
of A. flavus, led to the malformation of the reproductive structures and consequently the
reduction of aflatoxin production. It has also been shown that the production of aflatoxin
is significantly enhanced in drought conditions [69], and a recent study highlighted [70]
that reactive oxygen species (ROS), produced in response to such stress, stimulate the
production of aflatoxin in vitro.

Aflatoxin exposure hazards
Post-mortem analysis from turkeys poisoned by aflatoxin during the 1960
outbreak in England revealed variable degrees of inflammation in parts of the small
intestine, engorged kidneys and acute hemorrhagic or pale necrotic lesions in the liver
[45]. An initial study, previous to the discovery of aflatoxins, conducted by Sargeant et
al. [46] showed similar liver lesions in rats after the animals were fed with Brazilian
groundnut meals. After the discovery of aflatoxins, Smith and McKernan conducted a
similar study with ducklings in which the birds were fed with pure aflatoxin extract, and
their results confirmed that the most affected organ due to aflatoxin it is the liver [50].
Later studies tested the toxicity doses tolerated by animals and, although all four isolated
compounds were poisonous, the original reports showed that AFB1 and AFG1 have
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lethal doses of approximately 7- and 3-fold smaller than AFB2 and AFG2, respectively,
and out of the four, AFB1 is the most potent form of the toxin [52].
Intoxication by ingestion of aflatoxin in humans and animals has shown a broad
range of consequences, such as liver cirrhosis and cancer, immunosuppression, reduction
of efficient food use with consequent decrease in growth rates, and immediate death,
depending on the ingested dose [8]. However, aflatoxins alone are not capable of
producing toxication; they need to be transformed in the liver to its toxic form. For
example, once in the liver, AFB1, the most predominant aflatoxin, have four options of
pathways to follow: hydroxylation (formation of AFM1 and AFQ1), demethylation
(formation of AFP1), reduction (formation of aflatoxicol), and epoxidation (formation of
AFB1-8,9-epoxide) [56] (Figure 2.5). These reactions are all carried out by different
cytochrome P450 enzymes that vary according to animal species and reaction being
catalyzed [71].
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Figure 2.5

Aflatoxin B1 metabolism in the liver of poisoned animals and humans.

The transformation of AFB1 to its derivatives form take place in the liver with the
catalytic help of cytochrome P450 enzymes. Adapted from Smith and Groopman [58],
and Wu et al. [72].

In early studies of aflatoxin in the 1960s, scientists noticed that cows fed with A.
flavus contaminated meals were secreating on their milk a compound with chemical
characteristics similar to AFB1 and with the same deadly effect [73]. The same
experiment was repeated with lactant rats [74], and sheep [75] and all of them showed the
same substance, which was later identified as the hydroxylated form of AFB1, AFM1
[51]. This substance, when found in milk, either from dairy or from lactant mothers, is
particularly devestating for children. Studies have shown that the exposure to AFM1 in
the early stages of life cause stunt growth and development in children [76,77].
Since 1993, the International Agency for Research on Cancer (IARC) has
recognized aflatoxins as carcinogenic [78]. However, so far only the epoxide and
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hydroxylized form of AFB1, (AFB1-8,9-epoxide and AFM1, respectively), appear to be
associated with mutagenic effects that lead to hepatocellular cancer [58]. AFQ1, AFP1,
aflatoxicol produce acute toxicosis; the rest of the aflatoxins formed from AFG1, AFG2
and AFB2 seem almost non-toxic.
The conversion of AFB1 to AFB1-8,9-epoxide occurs in the endoplasmatic
reticulum, and the latter aflatoxin is highly soluble in water so it must quickly interact
with double-stranded DNA (dsDNA) in the nucleus to form the DNA adduct, AFB1-N7Guanine [58]. To intercalate and adduct dsDNA, the epoxy group of AFB1-8,9-epoxide
electrophilic attacks the N7 position of guanine residues in their 5’ end, forming the DNA
adduct AFB1-N7-Guanine, which can be easily detected in mammalian urine. The
positive charge in the imidazole ring in the DNA adduct causes the compound to be
unstable and thus susceptible to depurination, forming an apurinic site (AP), or
hydrolyzed to AFB1-formamidopyrimidine, which is a more stable form than AFB1-N7Guanine (Figure 2.6). AP sites cause mutation by incorporating into DNA as a noncomplementary base in the dsDNA; however, AP mutations due to aflatoxin exposure are
minor in comparison to mutations caused by AFB1-N7-Guanine and AFB1formamidopyrimidine.
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Figure 2.6

Formation of aflatoxin B1-DNA adduct.

AFB1-N7-Guanine is formed after electrophilic attack of AFB1-8,9-epoxide to the N7
position of guanine residues in dsDNA. Due to positively charged imidazole ring
spontaneous depurination occur forming an apurinic site (AP); hydrolyzation can also
occur to form AFB1-formamidopyrimidine. CYP – Cytochrome P450 enzyme; dsDNA –
double stranded DNA. Adapted from Smith and Groopman [58].

The main source of contamination of aflatoxin for animals is feed from
contamined cotton, peanuts, nuts and maize; for humans is meat, milk, and eggs from
animals that consumed contaminated feed, and from cereal such as peanuts, nuts and
maize [79]. Therefore, worldwide governments have defined specific limits for aflatoxin
allowed to be present in food and feed [5] (Table 2.1). Among the crops affected by
aflatoxin, maize contamination imposes the biggest threat to humans since this crop
serves as a staple to billions of people around the world [80].
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Table 2.1

Levels of aflatoxin allowed in food and feed in The United States and
European Union
Commodity

Corn and peanut products intended for finishing beef cattle

Action Level (PPB)
United European
States
Union
300
20

Cottonseed meal intended for beef, cattle, swine, or poultry

300

20

Corn and peanut products intended for finishing swine of 100 lbs or
greater

200

20

Corn and peanut products intended for breeding beef cattle, breeding
swine, or mature poultry

100

20

Corn, peanut products, and other animal feeds and feed ingredients but
excluding cottonseed meal, intended for immature animals

20

10

20

5

20
20
0.5
20
20

10
0.10-10
0.05
4-10
15

Corn, peanut products, cottonseed meal, and other animal feed
ingredients intended for dairy animals
Brazil nuts
Foods
Milk
Peanuts and peanut products
Pistachio nuts

Adapted from U.S. Food and Drug Administration [81] and European Commission [82].

Aflatoxin accumulation in maize
Since the discovery of aflatoxin and its harm to humans and livestock, several
other outbreaks have been reported around the world that either caused acute
aflatoxicosis or death in humans and animals [83]. For most of these outbreaks, the
source of contamination was the staple food of the region, maize.
The contamination of maize by A. flavus is not only devastating for human and
animal health but also for its economic impact on farmers all over the world that make a
living from the commodity. Total losses caused by the accumulation of aflatoxin in maize
17

are hard to price. It englobes not only the loss of yield due to ear rot caused by the fungus
and the lowering of the market value for the contaminated commodity, but also the
lowered animal production for meat and dairy due to the presence of the toxin on feed
and the mental and developmental problems in children who eat the toxin. Moreover, the
limitation of trade among maize producing countries due to differences in regulation on
aflatoxin levels causes economic difficulties [84–86]. Different studies have attempted to
estimate the value of these losses, and the sum can range from $163 million to $1.6
billion annually to maize growers in the US [9,87,88].
A. flavus is a saprophytic fungus that in a crop field starts its life cycle in the soil
surviving on decaying matter and can later opportunistically colonize ears of a growing
maize plant (Figure 2.7), especially if that ear is subjected to abiotic stresses or the
fungus introduced by ear-feeding insects. A. flavus stays dormant in the soil during the
winter and begins to form conidia at the beginning of spring serving as inoculum for the
new maize plants [12,89]. The fungus has its growth temperature ranging between 16-35
ºC and in latitudes below 45º, and the production of aflatoxins are often triggered when
the plant suffers abiotic stress, such as drought and elevated temperatures [10,90–94].
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Figure 2.7

Aspergillus flavus L. life cycle.

Taken from Abbas et al. [12].

Studies have shown a high concentration of A. flavus conidia on cobs and other
debris of maize plants in the soil [95–97]. Thus, different soils managements strategies
have been tested aiming to reduce the propagule concentration in the soil, which could
possibly reduce the future contamination of living maize plants in the field. Abbas et al.
demonstrated that one way to do it is to have a culture rotation system [95]. Palumbo et
al. [98] proposed the use of biological control and confirmed that soils treated with
strains from Pseudomonas chororaphis and P. fluorescens reduced the A. flavus conidia
density 7-20 folds in comparison to non-treated soils.
Another form of biocontrol tested was focused not in the reduction of the A.
flavus contamination, but rather the reduction of aflatoxin, via the application of nontoxigenic A. flavus strains [99–101]. The inoculation of soil with atoxigenic strains was
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effective in reducing aflatoxin accumulation in harvested maize grains in a four-year span
[99]. A later study of aerial spraying of plants with the non-aflatoxigenic strains was even
more effective in reducing the accumulation of aflatoxin in maize by 97% when
compared to a non-treated plot [100]. Although, isolated these studies show a promising
reduction on aflatoxin levels, the available data suggested that this method is not very
effective when the concentration of aflatoxin is extremely high [41]. In addition,
questions remain as to the need to apply biocontrol annually or less frequently, and the
associated cost to the farmer.
Other crop management using fungicides, irrigation and soil nutrient balance have
shown a lower rate of success to combat the fungus in soil and plants in field experiments
[12,102,103]. One recent study has, however, showed effectiveness of azole fungicides
against aflatoxin production on maize kernels that were culture in semi-synthetic medium
[104]. These crop managements have drawbacks of a substantial increment in production
cost.
The fungus conidia enter the maize ears through damaged husks or wounded
kernels (mainly caused by worms and insects) and via the silks (brought either by insects
from the soil or by the wind) [10,90]. Once in the ear, A. flavus can spread if it finds an
injured pericarp, and grow its way towards the kernel tip cap. It can also use the rachis
tissue to spread throughout the ear [11,23,105–107] , consuming the saccharides in the
kernels and causing ear rot disease [108–110]. A recent study has, however, highlighted
differences in the way the fungus spreads its hyphae in the kernels depending on the level
of resistance of the cultivar against A. flavus [111]. The aleurone and the outer layer of

20

the scutellum of kernels from resistant cultivars seem to play a significant role in
retarding the growth and spread of the fungus.
Insects play a crucial role in the introduction of A. flavus into corn ears, especially
those that are considered pest for maize ears, such as southwestern corn borer (Diatraea
grandiosella), European corn borer (Ostrinia nubilalis), maize weevil (Sitophilus
zeamais), and brown stink bug (Euschistus servus) [10,12,63,112–116]. Thus, it has been
proposed that the use of the insect-resistant transgenic Bt (Bacillus thuringiensis) maize
hybrids could also reduce the accumulation of aflatoxin. While this is generally true, it is
apparent that occasionally different factors influence positive results. While studies
conducted in the state of Mississippi, in different years and regions, showed a favorable
reduction in the amount of accumulated aflatoxin in transgenic maize [89,113,117], no
correlation between the production of aflatoxin and the use of Bt hybrid was found in
experiments performed in Alabama [118] and Georgia [119]. In the cases where the Bt
hybrid has a positive impact on the reduction of aflatoxin, it has been estimated a profit
of about $23 million for the US producers [87].
Harvested maize grains, when stored with improper conditions such as high heat
and humidity, can suffer from the post-harvest contamination of A. flavus. Any inoculum
present in the grains, under these conditions, can proliferate exponentially and damage
the harvest and produce aflatoxin levels beyond those permitted by regulations, leading to
economic and yield losses [13,120]. The primary management strategy to reduce the
chances of contamination are the control of insects during storage, and reduction of any
other damage that can cause injuries to the grains, a rapid drying on clean platforms; and
the storage of the harvest in an aerated (or vacuum sealed) structure [121]. A post-harvest
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treatment that has shown significant reduction of aflatoxin levels on contaminated maize
grains is the use of ozone gas during storage. Studies have demonstrated that the
application of ozone to contaminated grains reduced the levels of AFB1 well below 20
µg/Kg [122,123]. The gas destroys the double bond in the furan ring of AFB1 preventing
the formation of the lethal epoxide form of the toxin [124]; it has also proven to be safe in
vitro and in vivo tests [123,125]. Another form of control post-harvest tested using A.
flavus grown in Petri dishes with nutrient media showed that the organic compound
extracted from cinnamon (Cinnamomum verum) is capable of inhibiting the growth,
mycelium formation and conidia production of the fungus [126,127]. A drawback of
these techniques is the increase on post-harvest managements.
The advances in molecular biology techniques have facilitated the understanding
of aflatoxin biosynthesis, and begun to unravel the mechanisms of aflatoxin resistance in
maize [14,128–132]. The data acquired so far in this matter has allowed scientists to
develop maize cultivars that are resistant to the accumulation of aflatoxin (reviewed in
[15]). These lines, however, do not have very desirable agronomic traits, such as early
maturity point and high yield. Thus, breeding programs aiming to create maize lines
harboring resistance against A. flavus and desirable agronomic traits is an ongoing filed
of research.
It has long been known that the polymer chitin, a structural polysaccharide
present in fungal cell walls, is a critical component in the recognition between host and
pathogen in plants [133,134]. This compound is recognized by chitinases in the cells of
host plants and induces the activation of PAMP (pathogen-associated molecular patterns)
triggered immunity (PTI) system in the host plants [135]. In addition, several studies
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have shown the role of different chitinases genes reducing the contamination by A. flavus
in maize plants by the cleavage of chitin [23,133,136–139]. These enzymes act in the
frontline of plant defense by triggering the mitogen-activated protein kinase (MAPK)
pathways, Ca+2-dependent protein kinases (CDPK), and the synthesis of reactive oxygen
species (ROS) (Figure 2.8) (reviewed in [22]). Following the cascade event of MAPK by
chitinase signaling leads to the expression of a family of transcription factors (TF) named
WRKY. These proteins are known for its contributions in a variety of pathways during
biotic stress, including hormone signaling and synthesis of phytoalexins (antimicrobial
compounds) [140,141].
Members of the superfamily of WKRY TF have shown in different plant species
to be part of the transcriptional reprograming after the activation of PAMP [142]. Two
WRKY TFs have been highlighted in the defense of maize against A. flavus, ZmWRKY19
(Zm00001d043066) and ZmWRKY53 (Zm00001d020492). They showed upregulation in a
resistant maize line after wound-inoculation, elucidating the participation of WRKYs TFs
in the mechanism of fungus defense by activating pathogen-related (PR) genes [143].
The genes regulated by these TFs will act in the synthesis of ROS and prevent cell death
[22].
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Figure 2.8

Proposed biochemical interaction between maize and Aspergillus flavus.

Sketch taken from Fountain et al. [22] of the proposed biochemical reactions involving
the interaction of maize and A. flavus. In the authors’ words: “Solid lines represent
characterized pathways from the literature. Dashed lines represent hypothetical junctures
between the components of the interaction.”
Chitinases, upon on the recognition of chitin when the maize cell walls (CW) are attacked
by A. flavus, trigger the cascade activation of the MAPK leading to the expression of
WRKY TFs in the cell nucleus. These TFs will then promote the expression of PR-genes
and antioxidants that will ultimately stop the cell death and ROS; Simultaneously to the
activation of WRKY TFs, the recognition of chitin leads to the signaling of cAMP, which
will act to detoxify the cell by a dismutation reaction, catalyzed by superoxide dismutase
(SOD), of the extracellular superoxide anions to hydrogen peroxide; It is hypothesized
that host’s proteins, such as lipoxygenases, play a role in the aflatoxin biosynthesis by
stimulating conidiation; A. flavus secretes aflatoxin that once is absorbed by the maize
cells causes fatal damages to the DNA and other organelles.
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Elevation of Ca+2 have been reported in the cytosol of plants under a pathogen
attack [144,145]. The ion enters via the cell via cyclic nucleotide-gated ion channels
(CNGC), and it acts as a signal to produce different defense molecules [146]. It has been
shown that under the attack of A. flavus, Ca+2 will produce calmodulins, which will then
trigger the CDPK pathway; and it may even contribute to the activation of TFs that
promote the expression of PR-genes (Figure 2.8) [22,146]. Along with the increase in
Ca+2, there is a rise of ROS in the cytosol of the plant as well [140]. Reactive oxygen
species in high concentrations acts as an antimicrobial and in lower concentrations can
act as a signaling molecule for peroxidation reactions or regulating aflatoxin biosynthesis
in the fungus [22,70,140,147].
Another gene family featured in the interaction between maize and A. flavus is the
lipoxygenases (LOX) gene family [148–150]. The translated enzymes from this gene
family, lipoxygenases, participate in the peroxidation of lipids and the regulation of
aflatoxin biosynthesis in the fungus (among other things) [22,149]. Several LOX genes
are associated with the reduction of aflatoxin accumulation in maize (in particular,
ZmLOX1, 2, 5, 8, 9, 10 and 12), and to the triggering of the plant defense hormone
jasmonic acid (JA) (ZmLOX13) [147,148]. However, the lipoxygenase gene family
influences interactions between fungi and plants in a complicated manner, and one
lipoxygenase, ZmLOX3, actually increases aflatoxin production in plants exposed to A.
flavus [22,147,149–151] (Figure 2.8).
The identification of genes that act in the defense against A. flavus colonization,
such as chitinases and LOX, was possible due to the use of genetic mapping [14]. As
mentioned earlier, the resistance to aflatoxin is polygenic, e.g., a quantitative trait. Thus,
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to facilitate and speed the process of breeding, several studies have scouted the maize
genome and identified different quantitative trait loci (QTL) associated with aflatoxin
accumulation resistance [26–29,152–156]. However, QTL mapping offers a low genomic
resolution in the allelic diversity influencing the tested trait [157]. To overcome this
limitation, researchers have adopted the use of genome-wide association studies (GWAS)
[158]. This approach uses data from associations maps in different populations and scans
the organism genome to identify single-nucleotide polymorphism (SNP) that are
associated with phenotypic variation, providing a much higher resolution of the trait loci
(usually to the gene level).
To date, two GWAS mapping studies of maize resistance against A. flavus and
aflatoxin accumulation are available in the literature [30,159]. The GWAS published by
Farfan et al. [159] was conducted at College Station, TX and used 346 maize inbred lines
originating from a previously published association mapping panel [160]. The original
mapping panel consisted of 400 maize inbred line, however, due to the location of the
study, Farfan et al. crossed these lines to the stiff-stalk Texas B73 derivative hybrid,
Tx714 [161], and only the 346 lines that produced enough seeds to experiment and were
used in the analysis. Unfortunately, the GWAS analysis performed for aflatoxin
accumulation did not reveal any significant SNP.
Another GWAS study was conducted by Warburton et al. [30] using a association
panel for such trait [162]. The association panel was assembled using 300 maize inbred
lines that were publicly available and included among them all lines that had previously
been shown to have high levels of resistance to aflatoxin accumulation or A. flavus
contamination or that were bred for resistance to biotic and abiotic stresses. The
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remaining entries were diverse lines that were adapted to southern US growing
conditions, and could develop well enough to have an accurate phenotyping [162]. To
perform a correct phenotyping assessment of resistance in a hybrid background, the
inbred lines were crossed to the southern non-stiff stalk susceptible Va35 maize line. The
testcrossed lines were grown in four different locations over the period of two summers
in two states, Mississippi and Texas. A total of seven environments were used (as the
plants in one location had been destroyed by a hurricane).
Ten ears for each of the 300 lines were wound inoculated with A. flavus spores,
and the aflatoxin levels were measured after harvest as part of the phenotypic data
collection [30]. The lines were genotyped using the genotyping-by-sequencing (GBS)
method, and over 260,000 SNPs were detected after filtering the data for monomorphic
SNPs, missing and duplicated data, and minor allele frequency less than 5%. The data
from this experiment were highly correlation across environments (0.47 – 0.70) and
heritability was high (0.87). The GWAS analysis was performed in 287 of the 300 lines
because GBS data for 13 of them was poor and they were excluded from the GWAS
analysis. The results from the GWAS revealed a total of 107 SNPs associated with
aflatoxin contamination in at least one of the environments. Eight of those SNPs were
significant at less than false discovery rate (FDR) level of 10%.
Following the rational that several genes encode resistance to aflatoxin
accumulation in maize, each with small effects, Tang et al. [31] proposed the use of a
pathway-based analysis using the GWAS data published by Warburton et al. [30].
Pathway analysis applied to GWAS data focuses on finding the joint probabilities of
association with resistance of multiple genes in the same pathway, which could
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potentially improve the knowledge of the mechanisms of disease resistance and
associated resistance in the host [163]. The pathway analysis conducted by Tang et al.
[31] accounted for the linkage disequilibrium and SNP-trait associations between SNPs
from the GWAS analysis to identify tagSNPs. These tagSNPs were used to locate genes
within 1 Kb up and downstream the SNP that were submitted to gene-set enrichment
analysis to identify significant pathways to the resistance of aflatoxin accumulation. A
total of 2,880 genes in ~300 pathways (consisting of 5 or more genes) were analyzed.
The analysis found that the pathway with the highest enrichment score was the jasmonic
acid biosynthesis pathway. As previously elucidated in the literature, this pathway plays a
significant role in plant defense against saprophytic pathogens (reviewed in [164]). In
addition to highlighting the participation of jasmonic acid in the defense against A. flavus,
Tang et al. [31] were able to identify 13 genes with significant effects on resistance to
aflatoxin accumulation.
Genetic mapping studies, such as QTL mapping are essential to plant breeding
because they help identify loci and genes related to a trait of interest [165]. A list of 195
candidate genes has been recently compiled and shows all the genes that have been
evaluated to date in the study of resistance to aflatoxin in maize [166]. These genes
warrant further characterized and their linked SNPs may be used as markers in future
marker-assisted selection (MAS) breeding programs. Beyond the genomics techniques
discussed so far to identify sites in the genome involved in the resistance against
aflatoxin, several “omics” fields are expanding in the 21st century and revolutionizing
plant breeding. These “omics” involves the study of the metabolites (Metabolomics),
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proteins (Proteomics), and transcripts (Transcriptomics), among others, to trace in the
reverse order the genotype behind the expressed phenotype [167].
To contribute to a better understanding of how maize kernels respond to the
invasion of A. flavus, Dolezal et al. [168] focused on analyzing the transcriptional
response of developing kernels under such infection. For the evaluations, the group of
researchers inoculated susceptible inbred maize genotype B73. DNA microarrays were
used to identify genes differentially expressed in the mock inoculated and A. flavus
inoculated, and singular enrichment analysis were carried to generate a list of the
interesting genes, which were validated by RT-qPCR (quantitative Reverse-Transcriptase
Polymerase Reaction Chain). As an outcome the authors found over 4000 genes
differentially expressed at a 5% FDR. The transcriptional changes showed upregulation
of genes involved in metabolic pathways such as glycolysis and the formation of pentose
phosphate and shikimic acid; and downregulation of enzymes present in starch
biosynthesis pathways. Kernel structural analysis was also performed to determine the
changes caused by the fungus upon infection. Infected kernels, in comparison to the noninfected kernels, had a reduced size of the zein-filed hard endosperm, which was replaced
with a fragile, friable and filled starchy endosperm with tiny air pockets. Combining the
results of the gene expressions and the physical structural analysis, the authors concluded
that the carbohydrate utilization of infected kernels is remobilized to pathways that are
associated with defense response, such as the shikimic acid pathway and jasmonic acid
pathway. They also extrapolated that the plants can be “tricked” by the pathogen and the
translational and structural modifications could be leading them to be more susceptible to
the attack of the fungi.
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Following a similar model of field treatment and inoculation from Dolezal et al
[168], Shu et al. [169] used RNA sequencing (RNA-seq) to identify differently expressed
genes after inoculation of A. flavus in the susceptible maize inbred line B73. The plants
were wound inoculated with A. flavus conidia and water inoculated with distilled water
and harvested at 4, 12, 24, 48, and 72 hours after inoculation. The results uncovered
almost six thousand genes differently expressed over all the different harvest points. Most
of the genes expressed were detected in the later time points (48 and 72 hours post
inoculation). A significant find of their study was that PR-genes, including chitinases
and LOX, were downregulated in the early points of analysis, (4 and 12 hours post
inoculation), but became more highly expressed after 24 hours.
Numerous proteomics studies have been performed in maize related to aflatoxin
resistance (reviewed in [20]). Among these are studies that focuse on the differential
expression of proteins in maize under contamination of A. flavus [18,19,23,170]. Using
kernel screening assay (KSA) under laboratory conditions, Chen et al. [18,19] reported
differentially expressed embryo and endosperm proteins after exposure to A. flavus
spores. They highlighted stress-related antioxidant, heat-shock and antifungal proteins
upregulated upon interaction with the fungus. Using bioassays in a nutrient medium,
Peethambaran et al. [23] demonstrated different patterns of infestation of A. flavus in
silks from resistant and susceptible maize lines. They focused on characterization of three
chitinases that showed differential protein expression in the bioassay and that were later
confirmed by enzymatic activity, where the resistant inbred lines had significantly higher
chitinase activity than susceptible lines.
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In 2011, Pechanova et al. [170] demonstrated the role of rachis tissue in the
defense against A. flavus colonization. Two resistant and two susceptible maize lines
were spray inoculated in the silk channel with conidia of A. flavus and harvested for
proteomics analysis at 6, 10 and 35 days after inoculation. Non-inoculated ears were used
as a control and base line for the differential expression analysis. Using in-gel labeling
technique 2-dimensional DIGE (differential gel electrophoresis), the authors were able to
detect a total of 2167 proteins, and of those, 42 were more highly expressed in the rachis
of resistant lines, and 28 more highly abundant in susceptible lines, over all time points.
It was observed that over time more PR proteins become highly expressed in maize plants
exposed to A. flavus in susceptible lines; the same was not observed in the resistant line,
which showed expression of the same proteins in the early stages of infection, suggesting
that these proteins are constitutively expressed in resistant germplasm.
Precision genomic editing has been tested in the resistance against aflatoxin
accumulation in maize. Recently, the construction of two transgenic maize lines resistant
to aflatoxin accumulation was reported in the literature using host-induced gene silencing
(HIGS) via RNA interference (RNAi) technology [171,172]. The first study described a
modified plant carrying a chimeric RNAi cassette that would silence the gene responsible
for encoding the enzyme polyketide synthase in A. flavus [172]. Previous studies in the
literature had shown the requirement of this enzyme for the biosynthesis of aflatoxin in
the fungus [173–175], which made this particular enzyme a perfect candidate for the
RNAi construct. The transgenic plants were grown in a controlled greenhouse
environment, and the ears were inoculated with spores from A. flavus 8 to 10 days after
pollination [172]. Thirty days after inoculation, the levels of aflatoxin were undetectable,
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and expressions and transcript analysis showed the successful expression of the silencing
cassettes and no off-target gene silencing.
The second study developed a transgenic maize line with a silencing RNAi
cassette targeting the A. flavus α-amylase gene [171]. The rationale for the selection of
this gene was the reports in previous studies that showed that the knockout of amylase
activities in the fungus drastically or completely reduced the production of toxins.
Kernels from the transgenic lines were placed in culture dishes and inoculated with A.
flavus-GFP. After the incubation period of nine days, fungal colonization and aflatoxin
levels were measured and a significant reduction in aflatoxins accumulation in the
transgenic kernels were revealed.
Although the transgenic maize lines studies showed positive results on the
mitigation of aflatoxin accumulation in maize, is critical to remember that, as earlier
mentioned in this chapter, this trait is highly influenced by the environment. Therefore,
field testing under different environmental conditions and genetic backgrounds is crucial
to confirm the successful performance of these transgenics lines regarding to resistance to
aflatoxin accumulation and the expression of desirable agronomic traits, such as high
yield.
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CHAPTER III
REFERENCE GENE SELECTION FOR RT-qPCR ANALYSIS IN MAIZE KERNELS
INOCULATED WITH ASPERGILLUS FLAVUS

ABSTRACT
Resistance against infection by the fungus Aspergillus flavus L. in commercial
maize (Zea mays) is the target of many studies. Quantification of gene expression
patterns via RT-qPCR is a straightforward method to reveal expression profiles of genes
of interest in a study, and has been used to find genes that change expression following
infection by A. flavus. However, there is no current information on validated reference
genes suitable for use as controls in the study of gene expression changes involved in the
interaction of A. flavus and maize. The selection of stable reference genes is a crucial step
to ensure reliable RT-qPCR data interpretation. Thus, in this study, six candidate
reference genes (ACT1, β-Tub2, eIF4A2, TATA, EFIα, and GAPDH) were evaluated and
ranked according to their expression stability. The genes were amplified from first-strand
cDNA samples synthesized from kernels of two susceptible and two resistant maize lines
that were either inoculated with A. flavus or water, or not inoculated. To calculate and
rank the stability of the genes, three software packages were used: geNorm, NormFinder,
and BestKeeper. The analysis revealed that the most stable genes to normalize expression
levels from maize kernels responding to A. flavus inoculation and wounding are ACT1,
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EFIα, and eIF4A2. This work delivers a set of reliable reference genes that can be used in
future studies of expression profiles of maize kernels during an outbreak of A. flavus or in
response to wounding.

INTRODUCTION
Many commercial maize (Zea mays) varieties are highly susceptible to fungal
pathogens, including Aspergillus flavus L. This fungus produces aflatoxin, the
accumulation of which causes critical health and economic impacts [33]. Over 100 genes
have been proposed in the current literature as candidates that could help the maize plant
to suppress the effects of A. flavus [166] or the production of aflatoxin. However, the
majority still need to have their role in resistance validated. One accurate method to
perform such validation is by verifying that gene expression changes following fungal
infection via RT-qPCR (reverse transcription quantitative PCR) [176].
The preferred method to quantify gene expression pattern via RT-qPCR is the 2ΔΔCq

method proposed by Livak and Schmittgen [177]. This method measures the relative

change in target transcripts between a treated and an untreated control sample, and it
relies heavily on the normalization of the acquired Cq (quantitation cycle) values of all
samples. Without the adjustment of the variation in the extraction and reversetranscription yields and efficiency of amplification of mRNA, the comparison across
different samples is meaningless [178]. This normalization is usually done by using a
baseline reference gene, which is stably expressed across all samples and treatments
evaluated in the study. Thus, the selection of such a reference gene is vital to achieving
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reliable results, since the reference gene chosen can be regulated (and changed) by
experimental conditions, leading to uninterpretable results [179]. Although the above
statements are part of the MIQE (minimum information for publication of qPCR
experiments) guidelines [180], a surprising amount of published gene expression data
using RT-qPCR still relies on the use of a single unvalidated reference gene [181].
In the current literature, there is no information on validated reference genes to
perform quality gene expression analysis on maize kernels under the attack of A. flavus.
This study will attempt to fill this gap in the literature of the interaction of A. flavus and
maize by avaluating the expression stability of six candidate reference genes in maize
kernels. These genes were tested for their stability and reliability in maize kernels from
two aflatoxin accumulation resistant and two susceptible maize lines that were either
wound-inoculated with A. flavus conidia, water inoculated with double distilled
autoclaved water, or not inoculated at all. This work will identify one or more reliable
reference genes that can be used in future studies of expression profiles of maize kernels
during infection by A. flavus or in response to wounding.

MATERIAL AND METHODS
Plant tissue and treatments
The plant material and inoculation method used in this research was kindly
provided by Dr. Erik Mylroie. The maize germplasm chosen for this research included
two aflatoxin accumulation resistant lines (Mp313E and Mp719) and two susceptible
lines (B73 and Va35). Each line was grown in a randomized complete block design with
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plant replicates (n=3) in the experimental field of Mississippi State University R. R. Foil
Plant Science Research Center in the summer of 2014.
Eighteen days after mid-silk (when half of the primary ears showed silk), the
kernels were at the milk stage (R3) [182] and were submitted to inoculation. From each
genotype, ears were randomly selected to receive one of the following treatments:
inoculation of conidia from the toxigenic A. flavus strain NRRL 3357; water-inoculation
containing double distilled autoclaved water; or no inoculation (which will be referred to
as uninoculated).
The A. flavus inoculum for each strain was prepared by growing the strain on
sterile corn cob grits (size 2040, Grit-O-Cobs, Maumee, Ohio) in 500 mL flasks,
containing 50 g of grits and 100 mL sterile distilled water and incubated at 28°C for 21
days. Conidia were obtained by washing the grits with a mixture of 500 mL of sterile
distilled water and 0.1% Tween 20 (to prevent conidial clumping). The liquid containing
the spores was then filtered through four layers of cheesecloth. Conidial concentration
was calculated using a hemocytometer, and the final inoculum concentration was diluted
to 9x107 conidia/mL using sterile distilled water.
Inoculation of corn ears was performed by peeling back the husk and injuring the
maize kernels with the eye of a size 12 quilting needle (Entaco Limited, Worcestershire,
England, Cat. No. JJ12012) extending 2mm from the base of a pencil eraser. The needle
eye was dipped in the appropriate inoculum (conidia or water) before inoculating the
maize kernels. The kernels were inoculated in two rows, alternating with uninoculated
rows between the inoculated rows. After inoculation, the husk was put back around the
ear, and then the ear was covered with two shoot bags and secured in position with rubber
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bands. Maize ears were collected three days after inoculation (DAI), and the inoculated
kernels were removed from the ears and flash frozen in liquid nitrogen and immediately
stored at -80 ºC until extraction of RNA.

Total RNA extraction and cDNA synthesis
Total RNA was extracted from kernels by a modified hot borate method [183]
with a minor adaptation on the amount of sample used in the extraction process; 0.3 mg
of ground tissue was used in the current study instead of the published 1 mg, and all
volumes through the extraction process were reduced accordingly. The extracted RNA
was purified using DNase digestion using RQ1 RNase-Free DNase (Promega, Madison,
WI, Cat. No. M6101) according to manufacturer’s instructions, followed by cleanup
using RNeasy Plant Mini Kit (Qiagen, Hilden, Germany, Cat. No. 74903) as instructed in
the product guide. The quality of the extracted RNA was measured using a RNA 6000
Nano Kit (Agilent Technologies, Santa Clara, Cat. No. 5067-1511) and the concentration
was determined using a NanoDrop Spectrophotometer ND-1000 (Agilent Technologies,
Santa Clara, CA). The first-strand cDNA was synthesized using SuperScript II Reverse
Transcriptase (Invitrogen, Carlsbad, CA, Cat. No. 18064014) according to the
manufacturer instructions for 1 µg of total RNA and a total reaction mixture of 20 µL.

Gene selection and primer design
Six genes were used in this study to identify the most stable reference gene(s) for
RT-qPCR analyses of maize kernels in response to wounding and A. flavus inoculation.
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The selected genes have been used as internal controls in previous plant studies because
they play key functional roles [184]. Using the reference genome sequence (B73
AGPv4), [185], available in the online database Gramene [186], genes encoding the
following proteins were retrieved: Actin-1 (ACT1 – Zm00001d010159), β-tubulin2 (βTub2 – Zm00001d010275), Elongation factor 1-alpha (EFIα – Zm00001d037905),
Eukaryotic initiation factor 4A-2 (eIF4A2 – Zm00001d016351), Glyceraldehyde-3phosphate dehydrogenase (GAPDH – Zm00001d035156), and TATA-box-binding
protein 2 (TATA – Zm00001d019598).
The coding and genomic sequences for each candidate gene were retrieved from
the online database Gramene [186] AGPv4 [185] and aligned using the Clustal W
algorithm in the Lasergene Megalign software (DNASTAR, Madison, WI) to identify the
gene structure (exon and introns lengths) to ensure the design of an efficient primer. The
primer sequences were selected only on the coding region of the genes, and the online
tool Primer3 [187,188] was used to help select sequences that met set parameters for
optimal amplification. The selected primers were designed to amplify a region ranging
between 110 to 300 bp (optimum 220 bp); the primer length had a minimum of 24 bp and
a maximum of 35 bp (optimum 27 bp); GC content between 40-60 %; and a 2bp GC
clamp (Table 3.1). Prior to ordering the primers, the selected primer sequences were
submitted to a BLAST search against the reference B73 genome sequence RefGen_v4
(http://ensembl.gramene.org/Tools/Blast?db=core) to ensure the uniqueness of the
selected primer pair.
To confirm that the selected primers would amplify the correct region, the
respective pairs were used to prime amplification 100 ng of first-strand cDNA in an end38

point PCR reaction. For each genotype, one sample (out of the nine) of synthesized firststrand cDNA was selected randomly and used for all the primer testing. The master mix
for this reaction was prepared according to manufacturer’s instruction for the Ex Taq Hot
Start Version (TaKaRa Bio Inc., Kusatsu, Japan, Cat. No. RR006A). The amplification
was carried out with initial denaturation at 95ºC for 5 min, followed by 35 cycles of a
denaturation at 94ºC for 30 seconds, annealing for 30 seconds at the primer’s pair
annealing temperature (averaged from forward and reverse primers), and an extension of
45 seconds at 72ºC; after competition of last cycle a final extension was carried at 72ºC
for 5 min. To check the amplification of a single product, the PCR products were loaded
into a 1.5% agarose-TAE gel stained with ethidium bromide and run at 70 V, for 45 min,
at room temperature. Gel images were obtained using the AlphaImager HP system
(Protein Simple, San Jose, CA).

Quantitative Real Time PCR conditions
To test it the select genes had a stable expression, triplicate reactions of 100 ng
first-stranded cDNA from each sample and a five-point curve composed of a five-fold
serial dilution from a pool of all the samples used in this study, were amplified via RTqPCR using the Applied Biosystems StepOnePlus Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA). The Applied Biosystems Power SYBR Green PCR
Master Mix (Thermo Fisher Scientific, Whatman, MA, Cat. No. 4367659) was used for
qPCR following the manufacture’s guidelines for a reduced final reaction volume of 10
µL. The reactions were amplified in the MicroAmp Optical 96-Well Reaction Plate
(Thermo Fisher Scientific, Whatman, MA, Cat. No. N8010560) sealed with MicroAmp
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Optical 8-Cap Strips (Thermo Fisher Scientific, Whatman, MA, Cat. No. 4323032). Each
reaction was run with initial denaturation at 95ºC for 10 min, followed by 40 cycles of a
denaturation at 95ºC for 15 seconds, annealing for 30 seconds at the primer’s pair
personalized annealing temperature, and an extension of 15 seconds at 72ºC; after
completion of last the cycle, a melt curve analysis was performed according to the
machine’s preset Step and Hold protocol (95ºC for 15 seconds; 60ºC for 1 minute;
temperature ramp increment of 0.3ºC up to 95ºC).
The Cq values obtained from each point of the curve were averaged and plotted
against the logarithm of the pooled cDNA dilution factors to create a linear regression
equation. The amplification efficiency of each gene was then calculated using the slope
from the linear regression equation in the following formula: % E = (10[−1/slope] - 1) × 100
[180].

Data Analysis
The expression profile of the candidate genes was plotted using the SAS software
package, version 9.4 (SAS Institute, Cary, NC) (Appendix B). To evaluate the stable gene
expression of the candidate reference genes, three software packages were used: geNorm
[189], NormFinder [190], and BestKeeper [191]. The geNorm add-in for Microsoft Excel
was used to calculate the expression stability value (M) and the pairwise variation (V) for
each gene. Since geNorm calculated M and V based on the relative expression levels
(ΔCq), the raw Cq of each sample was averaged over technical triplicates only; biological
replicates were treated as different samples. Averaged Cq values were then converted
using the formula: 2-(ΔCq), where ΔCq = (sample’s averaged Cq – minimum Cq for
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analysis set). To perform stability calculation with NormFinder, the R software version
3.5.1 [192] was used with the code provided by the authors in the original publication.
The data input used for NormFinder was the same as that used for geNorm. The add-in
for Microsoft Excel was used to calculate the stale gene expression using BestKeeper.
This last software utilizes raw Cq values; therefore, the averaged values of technical
triplicates were used as individual input data points.

RESULTS
Primer amplification and efficiency
Analysis of the melt curve for each reference gene showed the specificity of the
amplification product (Appendix C – Figures C.1 to C.6). The efficiencies of
amplification of the selected primers ranged between 92 to 108% (R²), where the TATA
had the lowest efficiency and EFIα, the highest (Table 3.1). The β-tub2 gene failed to
amplify at the most diluted point of the curve, thus producing a standard curve of only
four points instead of five, as all the other genes did (Appendix C – Figure C.2).
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b

a

Zm00001d019598

TATA

24
26
27
26

CCCCTGGGGATGCTAAATCTACAACG
TGACCTAGGTGCACATGGTATGGCTGG
CGTCTGACAAGCCCACAGTTTCGCTG

28

GGTCCAACCCTGCTTGAGGCTCTTGACC

TGATGTTTTGATGTCCTGAGGTGC

27

GCGACCACTCCCAAGTATTCCAAGGCC

27

28

CCATCAGGTTTTCAGGTTTGCCACTCGC

GCCCTGCTAAGTGGAGCTCAGGTTCTA

34

AGGGTATCGATCTCTCATCATCTGAACTGAATCC

27

27

CCAAGAGAGGCATCCTGACACTGAAGT

AGAGGAATCGTCCCACTATGCAAGGGC

27

GCCTATCGTATGTGACAATGGCACTGG

Primer Sequence 5' → 3' (Forward/Reverse)

Expected amplicon size in base pairs
Primer amplification efficiency

Zm00001d035156

Zm00001d037905

EFIα

GAPDH

Zm00001d010275

β-Tub2

Zm00001d016351

Zm00001d010159

ACT1

eIF4A2

Gene ID

n-mer
(bp)

63.4

63.0

63.4

65.4

62.4

61.0

TM
(ºC)

144

168

276

196

120

188

Amp.
Size
(bp)a

93

105

92

108

95

101

E
%b

0.9562

0.9876

0.9947

0.9876

0.9214

0.9987

R2

Selected candidate reference genes, their Gramene accession number (Gene ID), primers pairs sequences and
characteristics, expected amplicon size, and amplification efficiency (E %). Gene symbols will be used from herein
to refer to candidate reference gene.

Gene
Symbol

Table 3.1

Expression profile and raking of candidate genes
To evaluate the expression profile of the candidate reference genes across all
samples, box plots were created (Figure 3.1). A box plot is an informative graphic tool
that can provide a reliable visualization about the distribution of a population, which in
the case of this study is composed of the raw Cq values for each gene across all samples
[193]. The most expressed gene, e.g., the one with the lowest Cq, was EFIα (Cq =
17.050) and the least expressed gene was GAPDH (Cq = 38.629). By calculating the
difference between the upper (75th) and lower (25th) percentile (ΔP) it is possible to
determine the stability index, which is proportional to the spread of the data [194]. The
most stable gene, considering only the Cq value spread, was ACT1 (ΔP = 0.955), and the
least stable GAPDH (ΔP = 11.152) (Table 3.2).
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Figure 3.1

Expression profile for candidate reference genes.

The length of the box represents the distance between the 25th (bottom) and 75th (top)
percentiles, and the difference between these is proportional to the stability index. The
black dot in the interior of each box represents the group mean; The horizontal line in the
box interior represents the group median; and the whiskers are extended to the group’s
minimum (bottom) and maximum (top) values. Asterisk symbols represents outliers of
the data.

Table 3.2

a

ACT1
β-Tub2
eIF4A2
TATA
EFIα
GAPDH

Quantification cycle (Cq) details for the candidate reference genes. Genes
are organized on table by the most stable (top) to least stable (bottom)
according to the stability index (ΔP).
25th
Percentile
21.165
29.515
21.917
29.405
18.398
25.949

75th
Percentile
22.120
30.510
23.104
30.682
19.892
37.101

Mean

Median

21.792
30.062
22.669
29.884
19.316
31.324

21.603
29.888
22.432
29.759
18.946
28.656

Std.
Dev.a
0.762
0.910
1.383
0.831
1.336
5.674

% CVb

ΔPc

3.526
3.045
6.165
2.793
7.051
19.801

0.955
0.995
1.187
1.277
1.494
11.152

Standard deviation; bCoefficient of variance = (Std. Dev/Mean) x 100; cStability Index =
75th Percentile – 25th Percentile.
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To ensure the selection of reliable reference genes the stability analysis was
performed according to the answer sought in the experimental set. Thus, for each
software, eight different sets of analyses were run. One set contained all 36 samples
measurements for each gene. Four sets were composed of all the measurements for the
nine samples within a genotype (example: susceptible genotype B73 with the three
biological replicates corresponding to three treatments: samples inoculated with A. flavus
spores; water; and non-inoculated). Three sets were composed of the collection of
measurements for the 12 samples with a specific treatment (example: the three biological
replicates inoculated with A. flavus spores of the two susceptible genotypes, B73 and
Va35, and the two resistant genotypes, Mp313E and Mp719). These three types of
analyses aimed to verify the stability of each gene across all treatments and genotypes,
different treatments within a genotype, and different genotypes within a treatment,
respectively. Since each software calculates the stability of candidate genes with different
algorithms, results will be discussed separately for each software. These results are
presented in a comprehensive table with the rankings from all analysis sets and software
to facilitate comparison and interpretation of the overall results (Table 3.3).
geNorm
To calculate the stability of reference genes via geNorm, the Cq raw data is first
converted to the relative expression levels (ΔCq) [189]. To do this, each one of the eight
data sets was normalized according to the minimum value within the specific analysis set.
Next, the normalized data for all genes was input into the geNorm, which calculated the
expression stability value (M); this has an ideal threshold of 1.5. The stability of the
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genes is inversely proportional to M, thus the lower this value, the more stable the gene.
GAPDH was above the M threshold value in almost every analysis, except for the set
where all treatment values were compared within the genotypes B73 and Mp719 (Figure
3.2). The three most stable genes were ACT1, EFIα, and eIF4A2. ACT showed as the
most stable option in the following analysis set: across all treatments; all genotypes
across A. flavus spore inoculated and uninoculated; and all treatments across B73 and
Va35. The only analysis set where EFIα was not in the top three reference genes was
when comparing all genotypes across A. flavus spore inoculated. The gene eIF4A2, was
not a top candidate across for the analysis sets: across all treatments, all genotypes across
uninoculated, and all treatments across B73 and Va35.
Another feature of the geNorm algorithm is to calculate optimal number of
reference genes needed for an accurate normalization. The pairwise variation value (V)
has a threshold of 0.15. Thus, if the pairwise value between a sequential number of
normalization factors is below the threshold (Vn/Vn+1 < 0.15), then the “N+1” of genes is
not necessary since an addition will not improve the accuracy of normalization
significantly [189]. The analysis set corresponding to all treatments and the three
different sets composed of all genotypes within the 3 different treatments (A. flavus spore
inoculated, water inoculated, and non-inoculated) had a V < 0.15 in all pairwise
evaluations. In this case, the geNorm manual recommends that a minimum of three
reference genes be used to perform normalization (Figure 3.3). For the four sets that
contained all treatments within the different genotypes (B73, Va35, Mp313E, and
Mp719), the pairwise variation V2/3 was below the 0.15 threshold, which suggests the
use of only two reference genes for normalization analysis would be sufficient.
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Figure 3.2

Mean of stability value (M) for each candidate reference gene calculated by
geNorm algorithm. Genes are ranked from the least (left) to the most (right)
stable. Only genes with a M < 1.5 are considered significant with stable
expression.
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Figure 3.3

Average pairwise variations (V) calculated by geNorm algorithm to
determine optimal number of reference genes for normalization analysis.
Pairwise values that are below 0.15 threshold (V ≤ 0.15) indicate that the
addition of another reference gene will have no significant improvement on
normalization analysis.
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The geNorm manual recommends mining of the least stable genes of the analysis
only up to the point the optimal number of genes remain, so that the algorithm can
calculate an accurate M value for the most stable genes [189]. This step is done
progressively, eliminating one gene at a time until only the optimal number of genes is
left, and the software will then rank the genes for stability. This step was performed
according to the results found in the pairwise variation (Figure 3.3), and the three least
stable genes were eliminated from the analysis set containing all treatments, and all
genotypes within the 3 treatments; and four of the least stable genes were eliminated for
the analysis set of all treatments within the 4 different genotypes. The calculated M
values for the top genes in each set was ranked from the most stable to the least stable
and are presented in Table 3.3.
For the analysis set of all treatments, and all genotypes within the different
treatments (A. flavus spore inoculated, water inoculated, and no inoculation) the β-Tub2
gene appeared as one of the top three candidate reference genes for all four sets; ACT1
and EFIα, appeared stable for these four analysis sets, except for all genotypes within
water inoculated treatment and all genotypes within A. flavus spore inoculation,
respectively. The gene EFIα was a ubiquitous option to analyze the sets composed of all
treatments within the genotypes (B73, Va35, Mp313E, and Mp719), along with ACT1 for
the susceptible lines, B73 and Va35; and eIF4A2 for the resistant lines, Mp313E and
Mp719 (Table 3.3).
NormFinder
The NormFinder software package, like geNorm, calculates the genes’ stability
using their relative expression levels (ΔCq); thus the data used for calculation in geNorm
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were also used in this software [190]. The difference between this two software packages
is that NormFinder allows the user to group the data according to its categorical variable.
Therefore, the sets comparing different treatments within a genotype were grouped by the
different treatments; and different genotypes within a treatment were grouped by
genotypes. The gene GAPDH ranked as the least stable gene according to the
NormFinder algorithm (Table 3.3), except for the data sets containing all genotypes
within water inoculated treatment and all treatments within B73, in which the TATA and
β-tub2 ranked as the least stable genes, respectively. According to the ranks proposed by
NormFinder, genes EFIα and eIF4A2 were the most stable genes, as they appeared in six
different analysis sets among the top three most stable genes.
BestKeeper
BestKeeper calculates the stability of the reference genes based on the standard
deviation of the raw Cq values [191]. Thus, genes with a higher standard deviation, e.g.
with broader dispersion of the data points, are less stable than genes with a lower
standard deviation. According to the ranks proposed for each analysis set, the most stable
gene is ACT1, since it appears among the top three most stable genes for all the analysis
sets, except the for samples in the group of all treatments within the resistant genotype
Mp719 (Table 3.3).

The gene β-Tub2 was one of the most stable genes in almost every analysis across
all three software packages. However, it is important to note that this gene had a low
expression in maize kernels in this study, as the detected Cq averaged only 30.062 (Table
3.2) and the lowest Cq was 28.307 (Figure 3.1). A highly expressed reference gene is
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essential in gene expression analysis that uses the 2-ΔΔCq method [177] since a low
expression reference gene would result in an unrealistc fold change. The gene GAPDH
also had low expression in most samples, but not always, as its expression varied widely,
making it the least stable gene overall (Figure 3.1). BestKeeper was the only software
that ranked GAPDH as the most stable gene in the two of the eight data sets (those
comparing different treatments for the genotypes B73 and Mp719). The TATA gene was
ranked in most sets and software packages as among the most stable genes, but also has
very low expression (Figure 3.1) and therefore is unsuitable for normalization of gene
expression analysis.
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Table 3.3

Stability values of each candidate reference gene as calculated by geNorm,
NormFinder and BestKepper algorithms. Genes are ranked in order of most
stable (top) to least stable (bottom). Colors correspond to Figure 3.1
All Treatments

geNorm

NormFinder

Spore
BestKeeper

geNorm

NormFinder

BestKeeper

Gene

M

Gene

Stability

Gene

SD

Gene

M

Gene

Stability

Gene

SD

β-Tub2

0.860

β-Tub2

0.250

ACT1

0.580

eIF4A2

0.570

eIF4A2

0.110

TATA

0.604

ACT1

0.907

EFIα

0.460

β-Tub2

0.680

ACT1

0.664

β-Tub2

0.150

eIF4A2

0.746

EFIα

0.953

eIF4A2

0.680

TATA

0.680

β-Tub2

0.680

ACT1

0.150

ACT1

0.785

ACT1

0.820

eIF4A2

0.960

EFIα

0.150

β-Tub2

0.787

TATA

1.500

EFIα

1.050

TATA

0.230

EFIα

1.177

GAPDH

5.400

GAPDH

5.500

GAPDH

0.290

GAPDH

5.941

Water
geNorm

NormFinder

Uninoculated
BestKeeper

geNorm

NormFinder

BestKeeper

Gene

M

Gene

Stability

Gene

SD

Gene

M

Gene

Stability

Gene

SD

β-Tub2

0.977

eIF4A2

0.110

ACT1

0.351

ACT1

0.444

ACT1

0.120

β-Tub2

0.216

eIF4A2

0.982

EFIα

0.150

TATA

0.817

β-Tub2

0.521

β-Tub2

0.130

ACT1

0.273

EFIα

1.014

β-Tub2

0.180

β-Tub2

0.854

EFIα

0.683

EFIα

0.180

TATA

0.509

GAPDH

0.220

eIF4A2

0.977

eIF4A2

0.220

EFIα

0.591

ACT1

0.230

EFIα

1.050

TATA

0.250

eIF4A2

0.941

TATA

0.250

GAPDH

5.426

GAPDH

0.350

GAPDH

5.114

B73
geNorm

Va35

NormFinder

BestKeeper

Gene

M

Gene

Stability

Gene

SD

EFIα

0.363

ACT1

0.050

GAPDH

ACT1

0.366

EFIα

0.070

ACT1

eIF4A2

0.120

EFIα

TATA

0.140

GAPDH
β-Tub2

geNorm

NormFinder

Gene

M

Gene

Stability

0.279

EFIα

0.305

ACT1

0.345

EFIα

0.352

TATA

0.323

β-Tub2

0.574

0.140

eIF4A2

0.150

TATA

SD

0.030

EFIα

0.368

0.040

ACT1

0.378

ACT1

0.040

β-Tub2

0.473

eIF4A2

0.100

TATA

0.549

0.576

β-Tub2

0.110

eIF4A2

1.159

0.606

GAPDH

0.180

GAPDH

3.171

Mp313E
geNorm

NormFinder

BestKeeper
Gene

Mp719
BestKeeper

geNorm

NormFinder

BestKeeper

Gene

M

Gene

Stability

Gene

SD

Gene

M

Gene

Stability

Gene

SD

eIF4A2

0.385

TATA

0.080

TATA

0.574

eIF4A2

0.262

β-Tub2

0.130

GAPDH

0.480

EFIα

0.453

eIF4A2

0.120

β-Tub2

0.608

EFIα

0.283

TATA

0.130

TATA

0.829

EFIα

0.140

ACT1

0.620

eIF4A2

0.130

β-Tub2

0.852

β-Tub2

0.150

eIF4A2

0.860

EFIα

0.140

ACT1

0.866

ACT1

0.210

EFIα

0.906

ACT1

0.180

EFIα

0.964

GAPDH

0.340

GAPDH

2.225

GAPDH

0.210

eIF4A2

0.997

Results are ranked by the expression stability value (M) for geNorm; stability levels for
NormFinder; and standard deviation (SD) for BestKeeper.
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DISCUSSION
The current literature is populated with over 100 candidate genes that may play an
essential role in the interaction between maize and A. flavus [166]. Before these genes
can become useful in plant breeding programs designed for A. flavus resistance in maize,
they must first be validated [165]. One of the steps for the validation of candidate genes it
is to quantify their expression profile and see if it varies with varying phenotype, and this
can be accurately done via RT-qPCR (reverse transcription quantitative PCR) [176]. A
vital detail that ensures reliable results in such analysis is the normalization of the
samples using reference genes that have been verified to have stable expression across all
samples [179]. Thus, this study analyzed the expression stability of six potential reference
genes (ACT1, β-Tub2, eIF4A2, TATA, EFIα, and GAPDH) in maize kernels responding to
A. flavus inoculation and wounding effect as compared to undamaged (uninoculated).
The experimental design applied in this study allows characterization of the different
expression patterns of maize in response to A. flavus exposure and to wounding and
quantifies how variable that response is among susceptible and resistant maize genotypes.
This was done either between genotypes within each inoculation treatment (A. flavus
spore, water, or uninoculated); or between the different treatments within each genotype
(B73, Va35, Mp313E, and Mp719).
To achieve the objective of this study, three different software packages, geNorm,
NormFinder, and BestKeeper, were used to rank the stability of the selected candidate
reference genes. When comparing the ranking set by each software, the three most stable
genes varied among the different analysis sets (Table 3.3). Only the analysis set
comparing the different genotypes in the uninoculated treatment was ranked by geNorm
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and NormFinder identically. However, for other data sets, similar trends were observed.
Taking in consideration all analyses of stability and sufficiently high expression levels,
the three most stable and suitable genes found in these analyses were, ACT1, eIF4A2, and
EFIα, in that order. As expected from their predicted function (Table 3.1), these three
genes had low Cq values indicating their high expression in maize kernels.
The gene ACT1 encodes actin, a protein that is invariably present in high levels in
all plant cells. The cytoskeleton of plant cells are composed of actin, and this protein
plays an important role in intracellular movements [195]. The other two genes, eIF4A2
and EFIα, participate in mRNA translation, which are steps in the gene expression
process that occurs continuously in a cell. The initiation factor eIF4A2 is a subunit of the
eIF4F complex that participates in the first step of the translation process (Table 3.1)
[196]. This protein is a DEAD box helicase, whose purpose is to mediate the recognition
of the 5’-cap structure. It unwinds the mRNA so that the Met-tRNAMET associated with
other eIFs can interact with the small subunit of the ribosome and initiate the translation
process. The EFIα gene, which was the most highly expressed gene in this study, encodes
the eukaryotic translation elongation factor 1A (Table 3.1), which is the most abundant
synthesis factor protein in a cell [197]. This GTP-binding protein plays the essential role
of binding the aminoacetyl-tRNAs into ribosomes during translation, binding and
releasing aminoacetyl-tRNAs when correct codon-anticodon match is made. EFIα also
participates in other functions in the cell, such as the nuclear export of tRNAs, protein
degradation, apoptosis, and viral propagation [198].
This study has revealed three reference genes that are suitable to normalize
samples from maize kernels responding to A. flavus contamination and wounding, which
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may be caused by insect feeding. It is predicted that in a study with similar characteristic
to this one, these same three genes will maintain their stability as shown in our results.
Studies that identify possible candidate genes for biotic stresses, such as fungal pathogen
and insect resistance, have multiplied with the publication of genetic and association
mapping studies. As a first step in validating these biotic stress resistance candidates, RTqPCR using these three stable reference genes can be done to perform gene expression
profile analyses. The selection of reference genes for normalization of gene expression
studies must be customized to the specific study, as different treatments might influence
all but the most basic cell activities, and thus these genes should be confirmed for each
study, but this study provides excellent initial data for this purpose.
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CHAPTER IV
GENE EXPRESSION ANALYSIS FOR CANDIDATE GENES RELATED TO
REDUCED AFLATOXIN ACCUMULATION IN MAIZE
ABSTRACT
The importance of developing aflatoxin accumulation resistant maize breeding
lines with desirable agronomic traits has been well recognized since late 1970s and the
subject has been the focus of many studies since then. Seventeen candidate genes with
significant effect in response to aflatoxin accumulation were selected from a prior
published GWAS and pathway analysis. The criteria for selection was the p value (≤ 104),
phenotypic variation explained by the SNP (allelic effect), and predicted function. The
selected genes code for proteins that include transcription factors, kinases, hydrolases,
dehydrogenases, peptide synthases, transferases, and uncharacterized gene products.
Using in silico analysis transcription factors binding sites were revealed for all candidate
genes. Primers flanking the coding region of the candidate genes were designed and gene
expression analysis were performed in nine candidate genes via RT-qPCR. The results
found in this study provided an initial characterization of the selected genes and
highlighted the need for further in vivo characterization of several of these genes.
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INTRODUCTION
A major concern in maize (Zea mays) production is the colonization of the ear by
Aspergillus flavus. This fungus produces aflatoxin, a compound that in humans and
livestock depresses the immune system, causes developmental problems, and leads to
liver cancer [10]. The importance of developing aflatoxin accumulation resistant maize
breeding lines with desirable agronomic traits has been well recognized since late 1970s.
Resistance against aflatoxin accumulation is quantitative trait conditioned by numerous
genes with small effects that is significantly influenced by environmental factors [16].
One effective way to ensure the resistant trait in plants is the identification and
selection of natural host plant resistance genes that can be used as markers to enhance
breeding programs through marker-assisted selection (MAS) [199]. In maize, the
association of resistance against A. flavus and linked markers has been mostly established
by the use of quantitative trait locus (QTL) mapping [26–29,152–156]. These markers
have contributed to the release of maize cultivars that are somewhat resistant to aflatoxin
accumulation (reviewed in [14,15]). However, because resistance against aflatoxin
accumulation is a polygenic trait highly influenced by environment factors, no
commercial lines with sufficient resistance is yet available [16]. Although valuable, QTL
mapping offers a very poor genomic resolution in the allelic diversity controlling a trait
[157]. In contrast, genome-wide association studies (GWAS) give a broader and more
detailed view of the alleles contributing to a trait [158]. By using data from association
maps in different populations of the target organism (maize genotypes from with different
genetic backgrounds), this approach scans the target organism’s genome searching for
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single-nucleotide polymorphism (SNP) associated with phenotypic variation, usually
providing a SNP directly or closely linked to a gene.
Recently, a GWAS analysis performed in maize challenged with A. flavus
revealed over 100 SNPs associated with reduced aflatoxin accumulation on maize [30]. A
further pathway analysis in these SNPs, identified several genes linked to known fungal
resistance metabolic pathways and highlighted potential candidate genes for aflatoxin
resistance in maize [31]. The identification of such SNPs and candidate genes, although
valuable, alone does not provide information about the phenotypic variation and its
associated mechanism to the trait evaluated. Thus, to extend the knowledge in maize
resistance against A. flavus, the present study aimed to compile a list of candidate genes
from the published GWAS and its complementary pathway analysis, to improve their
genomic annotation and evaluate their expression profile.

MATERIAL AND METHODS
Plant tissue and treatments
The plant material and inoculation method used in this research was kindly
provided by Dr. Erik Mylroie. The maize germplasm chosen for this research included
two aflatoxin accumulation resistant lines (Mp313E and Mp719) and two susceptible
lines (B73 and Va35). Each line was grown in a randomized complete block design with
three biological replicates in the experimental field of Mississippi State University R. R.
Foil Plant Science Research Center in the summer of 2014.
Eighteen days after mid-silk (when half of the primary ears showed silk), the
kernels were at the milk stage (R3) [182] and were inoculated. From each genotype, ears
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were randomly selected to receive one of the following treatments: inoculation of conidia
from the toxigenic A. flavus strain NRRL 3357; water-inoculation containing double
distilled autoclaved water; or no inoculation (which will be referred as Uninoculated).
From herein each combination of genotype vs. treatment will be referred following the
model: genotype-treatment; where treatment will be abbreviated to Sp, when sample was
inoculated with toxigenic conidia (spore) from A. flavus strain NRRL 3357; Wt, when
sample was water inoculated with double distilled autoclaved water; and Un, when
sample had no inoculation. Each one of the four genotypes have nine different samples
(three biological replicates x three treatments), thus the total amount of samples was 36.
The A. flavus inoculum for each strain was prepared by growing the strain on
sterile corn cob grits (size 2040, Grit-O-Cobs, Maumee, Ohio) in 500 mL flasks,
containing 50 g of grits and 100 mL sterile distilled water and incubated at 28°C for 21
days. Conidia were obtained by washing the grits with a mixture of 500 mL of sterile
distilled water and 0.1% Tween 20 (to prevent conidial clumping). The liquid containing
the spores was then filtered through four layers of cheesecloth. Conidial concentration
was calculated using a hemocytometer, and the final inoculum concentration was diluted
to 9x107 conidia/mL using sterile distilled water.
Inoculation of corn ears was performed by peeling back the husk and injuring the
maize kernels with the eye of a size 12 quilting needle (Entaco Limited, Worcestershire,
England, Cat. No. JJ12012) extending 2mm from the base of a pencil eraser (Figure
4.1a). The needle eye was dipped in the appropriate inoculum or with water before
inoculating the maize kernels. The kernels were inoculated in two alternating rows with
rows uninoculated between and around the wound sites. After inoculation, the husk was
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put back around the ear, and then the ear was covered with two shoot bags and secured in
position with rubber bands. Maize ears were collected three days after inoculation (DAI),
and the inoculated kernels were removed from the ears and flash frozen in liquid nitrogen
and immediately stored at -80 ºC until extraction of RNA.

A

B

Figure 4.1

Inoculation of maize kernels.

The maize kernels were inoculated using a needle imbedded in pencil eraser (A)
alternating two rows of inoculated kernels and two rows of uninoculated around the
whole ear (B). Photos were taken by Dr. Erik Mylroie, who gave permission to the author
for their use here.

Candidate gene selection
Candidates genes were selected from previous studies published by Warburton et
al. [30] and Tang et al. [31]. The selection criteria were based on the significance of the
association between the gene and trait (p ≤ 10-4), the allelic effect on the trait, and
putative annotated function. Identification of genes in the same region from a previous
GWAS study was also included in the decision process (G. Mahuku, unpublished
results). A total of 17 candidate genes were selected for characterization, 15 of which
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were extracted from the GWAS analysis [30], and the other two from the pathway
analysis [31].
The SNP data provided from both studies (GWAS and pathway analysis) were
based on the genome assembly B73 RefGen_v2 (AGPv2). Once the candidate genes list
was consolidated the SNP locations corresponding to each gene were converted to the
genome assembly B73 RefGen_v3 (AGPv3) and assays that required the design of
primers were based on this version. However, assembly AGPv3 is no longer the most
recent maize genome available. In 2017, an update of the maize genome was released
[200], providing new assembly and annotation, as well as identification keys, of all maize
genes. The “GRMZM” identification key for each gene was replaced with a new
nomenclature that starts with “Zm00001d”. Therefore, to provide results that would
reflect the most current literature, the SPNs reported here were converted to the most
recent reference maize genome available, B73 RefGen_v4 (a.k.a. AGPv4) [200], using
the conversion tool publicly available in the online database Gramene [186]. A
comprehensive table containing the initially published SNPs (AGPv2) and their
subsequent locations in the genome’s assemblies AGPv3 and AGPv4 is available in
Appendix D – Table D.1.
Warburton et al. [30] identified 107 SNPs associated with aflatoxin contamination
in maize, eight of which were significant at less than 10 % false discovery rate (FDR).
These eight SNPs were linked to two different genes, Zm00001d005976 and
Zm00001d044187, which were the first two candidate genes selected for analysis in the
present study. Another GWAS analysis for aflatoxin accumulation was conduct at the
International Maize and Wheat Improvement Center (CIMMYT) by G. Mahuku
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(unpublished results) and the study revealed six SNPs with p value between 10-3 and 10-7
that overlapped with SNPs found in the GWAS analysis performed by Warburton et al.
[31]. One of the SNPs found was associated with gene Zm00001d005976, one of
Warburton et al.’s GWAS top gene candidates. The other five SNPs were also added to
the present study, and they were associated with the genes: Zm00001d033872,
Zm00001d002833, Zm00001d037429, Zm00001d026175, and Zm00001d025239.
Genes Zm00001d021714, Zm00001d020612, and Zm00001d026431 were the top
three genes with the most negative allele effect, and therefore selected based on their
effect on reducing aflatoxin accumulation in maize kernels. The final four genes were
chosen from the GWAS study (Zm00001d006585, Zm00001d044168, Zm00001d014093,
and Zm00001d025705) based on their annotated gene function. These genes encode
products that have been previously reported in the literature with biotic plant stress. One
last gene added from the GWAS analysis was Zm00001d047107, which had the lowest p
value (2.870E-10) found in the analysis. The two genes selected from the pathway
analysis [31] (Zm00001d053586 and Zm00001d014093) are part of the Jasmonic Acid
(JA) biosynthesis pathway and were among the genes with the most association
significance and negative allele effect of the study.

Total RNA extraction and cDNA synthesis
Total RNA was extracted from kernels by a modified hot borate method [183]
with a minor adaptation on the amount of sample used in the extraction process; 0.3 g of
ground tissue was used in the current study instead of the published 1 g, and all volumes
through the extraction process were reduced accordingly. The extracted RNA was
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purified using DNase digestion using RQ1 RNase-Free DNase (Promega, Madison, WI,
Cat. No. M6101) according to manufacturer’s instructions, followed by cleanup using
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany, Cat. No. 74903) as instructed in the
product guide. The quality of the extracted RNA was measured using a RNA 6000 Nano
Kit (Agilent Technologies, Santa Clara, Cat. No. 5067-1511) and the concentration using
NanoDrop Spectrophotometer ND-1000 (Agilent Technologies, Santa Clara, CA)
(Appendix D – Figures D1 to D4). The first-strand cDNA was synthesized using
SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA, Cat. No. 18064014)
according to manufacturer’s instructions for 1 µg of total RNA and a total reaction
mixture of 20 µL.

Primer design and sequencing analysis
The coding region and genomic sequences for each candidate gene were retrieved
from the online database Gramene [186] using the reference genome sequence B73
RefGen_v3 (AGPv3) [185]. Both sequences were aligned using the Clustal W algorithm
in the Lasergene Megalign software (DNASTAR, Madison, WI) to identify the gene
structure (exon and introns lengths) aiming to ensure the design of an efficient primer.
For RT-qPCR analysis, primers sequences were selected only on the coding
region of the genes and the online tool Primer3 [187,188] was used to help select
sequences that met the set parameters. The selected primers were designed to amplify a
region ranging between 110 to 300 bp (optimum 220 bp); the primer length had a
minimum of 24 bp and a maximum of 35 bp (optimum 27 bp); GC content between 4060 %; and a 2bp GC clamp. Prior to ordering the primers, the selected sequences were
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submitted to a BLAST search against the reference genome sequence AGPv3
(http://ensembl.gramene.org/Tools/Blast?db=core) to testify the uniqueness of the
selected primer.
To confirm that the selected primers would amplify the correct region, the
respective pairs were amplified using 100 ng of first-strand cDNA in an end-point PCR
reaction. For each genotype, one sample (out of the nine) of synthesized first-strand
cDNA was selected randomly and used in the primers testing. The master mix for this
reaction was prepared according to manufacturer’s instruction for the Ex Taq Hot Start
Version (Takara Bio Inc., Kusatsu, Japan, Cat. No. RR006A). The amplification was
carried with initial denaturation at 95 ºC for 5 min, followed by 35 cycles of a
denaturation at 94 ºC for 30 seconds, annealing for 30 seconds at the primer’s pair
personalized annealing temperature, and an extension of 45 seconds at 72 ºC; after
competition of last cycle a final extension was carried at 72 ºC for 5 min. To confirm the
amplification of a single product, the PCR products were loaded into a 1.5 % agaroseTAE gel stained with ethidium bromide and run at 70 V, for 45 min, at room temperature.
Gels images were obtained using AlphaImager HP system (Protein Simple, San Jose,
CA).
Primer pairs that showed a single band with the expected size for all four
genotypes were sequenced with Sanger sequencing. Single band products were excised
from the agarose gel and transferred to individual 1.5 mL microfuge tubes. The PCR
product was then extracted from the gel using QIAquick Gel Extraction Kit (Qiagen,
Hilden, Germany, Cat. No. 28706) following the kit’s instructions. The extracted PCR
product was then inserted into the vector pGEM-T Easy (Promega, Madison, WI, Cat.
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No. A1360) according to manufacturer’s guidelines for an overnight period. Once the
ligation period was over, the vectors were transformed into Escherichia coli competent
cells strain JM109 (Promega, Madison, WI, Cat. No. L2001) with slight modifications
from the corporation’s suggested protocol. The entire volume of the ligation step (10 µL)
was added to a sterile 5 mL culture tube (USA-Scientific, Ocala, FL, Cat. No. 14850810) containing 100 µL of the competent cells. The vector and competent cell mixture
was incubated in ice for 20 minutes, followed by a heat shock of 2 minutes in a water
bath at 42 ºC, and another 2 minutes in ice. Room temperature Luria-Bertani Broth (LB)
was add (350 µL) to the transformed cells and incubated for 40 min at 37 ºC under orbital
agitation of 200 rpm. After the incubation period, 0.1 M of IPTG and 20 mg of Xgal per
mL of N-N-dimethylfromamide were added to the transformed cells and quickly
vortexed. The transformed cells were plated in duplicate onto LB-ampicillin agar (25 g
LB Broth/L of distilled water; 2% agar; 50 mg/mL) plates and incubated overnight (16
hours) at 37 ºC. White colonies were picked with sterile toothpicks and individually
grown in 2 mL of LB-Amp (25 g LB Broth/L of distilled water; 50 mg Amp/mL) broth in
5 mL culture tubes for 16 hours at 37 ºC under orbital agitation of 200 rpm. The colonies
were transferred to a 2 mL microfuge tube and centrifugated at 8000 x g for 3 minutes.
The plasmid from the cell debris was isolated using QIAprep Spin Miniprep Kit (Qiagen,
Hilden, Germany, Cat. No. 27106) following kit instructions.
The purified plasmids were submitted for Sanger sequencing at the Genomics and
Bioinformatics Research Laboratory (USDA-ARS, Stoneville, MS) following the
instruction of the kit Thermo Fisher Scientific Big Dye Terminator v.3.1 Cycle
Sequencing (Cat. No. 4337455). The sequences were obtained using the Applied
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Biosystems 3730xl DNA Analyzer (Thermo Fisher Scientific, Waltham, MA) and aligned
using Clustal W algorithm in the Lasergene Megalign software (DNASTAR, Madison,
WI). Once the sequence analysis confirmed the amplification of the specific region of
interest, the primer sets were used in the gene expression analysis via RT-qPCR.

Absolute and relative gene expression analysis
To perform relative gene expression, 100 ng of first-stranded cDNA was
amplified using the Applied Biosystems Power SYBR Green PCR Master Mix (Cat. No.
4367659) following the guidelines of manufacture for a reduced reaction final volume of
10 µL. Each genotype-treatment was run in triplicate. The reactions were amplified in the
Applied Biosystems StepOnePlus Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA) using the MicroAmp Optical 96-Well Reaction Plate (Thermo Fisher
Scientific, Cat. No. N8010560) sealed with the MicroAmp Optical 8-Cap Strips (Thermo
Fisher Scientific, Cat. No. 4323032). Each 96-well plate reaction was carried with initial
denaturation at 95 ºC for 10 min, followed by 40 cycles of a denaturation at 95 ºC for 15
seconds, annealing for 30 seconds at the primer’s pair personalized annealing
temperature, and an extension of 15 seconds at 72 ºC; after completion of last cycle a
melt curve analysis was performed according to the machine’s preset Step and Hold
protocol (95 ºC for 15 seconds; 60 ºC for 1 minute; temperature ramp increment of 0.3 ºC
up to 95 ºC). The amplified cDNA was run in a 2 % agarose gel stained with ethidium
bromide at 110 V, for 45 min, at room temperature. Gels images were obtained using
AlphaImager HP system (Protein Simple, San Jose, CA) and used to confirm
amplification of single product in the expected size, along with the melt curve results.
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The obtained quantitation cycle (Cq) from the RT-qPCR results were used to
calculate the relative gene expression of the selected candidates genes using the 2–ΔΔCq
method proposed by Livak and Schmittgen [177]. The reference genes used to normalize
the samples were ACT1 and eIF4A2, which were selected according to the candidate
reference gene test discussed on Chapter II. The differences between each treatment
among the genotypes (Sp X genotype; Wt X genotype; Un X genotype); and treatments
within genotypes (B73 X treatment; Va35 X treatment; Mp313E X treatment; Mp719 X
treatment) were statistically measured in SAS software, version 9.4 (SAS Institute, Cary,
NC) using one-way ANOVA (analysis of variance) and post-hoc Tukey at confidence
interval of 95 % (Appendix E) .
Absolute quantitation analysis was performed using the method described by
Forlenza et al. [201]. The recombinant plasmid, used in the sequence to confirm the right
site amplification, was linearized using EcoRI ((Promega, Madison, WI, Cat. No. R6011)
according to the enzyme’s instructions. The insert was separate from the vector by
electrophoresis with a 1.5 % agarose-TAE gel stained with ethidium bromide, run at 70
V, for 45 min, at room temperature. The band correspondent to the insert was excised
from the gel and purified using the QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany, Cat. No. 28706) following the kit’s directions. The plasmid insert was then
quantified using Quant-iT PicoGreen dsDNA Assay kit (Invitrogen, Carlsbad, CA, Cat.
No. P7589) following instructions of the manufacture. The plasmid copy number was
then calculated using the equation proposed by Whelan et al. [202] (Equation 4.1). The
standard curve for absolute quantification was then prepared using a serial dilution such
that copy number ranged from 1 x 106 to 10-1 copy number of the isolated linearized
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plasmid. Each point of the dilution was used as a template and run in triplicate with the
same enzyme mix and conditions as described above for the relative quantification via
RT-qPCR. The PCR efficiency was also calculated using the plasmid standard curve
(Equation 4.2) [180].

Plasmid Copy Number (molecules⁄μL) =

g
6.02 x 1023 × DNA concentration ( ⁄μL)
bp size of plasmid+insert × 650 Da/bp

(4.1)

6.02 x 1023 (molecules/mole) = Avogrado’s number; 650 Da/bp is the average weight of a
single base pair.

Efficiency = 10−1⁄slope − 1

(4.2)

To estimate the efficiency percentage of each primer set, “slope” value was the slope
obtained from corresponding plasmid standard curve.

Cis-elements and Promoter Region Analyses
In-silico analysis of the cis-elements that may regulate the selected candidate
genes was performed using the online tool PlantCARE [203]. Using the maize genome
assembly AGPv3 available online in the Gramene database [186], sequences from the
candidate genes were retrieved. The sequences used for the cis-elements analysis on
PlantCARE featured 1500 bp upstream and 500 bp downstream the gene’s start codon.
The results from PlantCARE were complemented with a coexpression network of the
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promoter region using the online tool PlantPAN 2.0 [204]. The gene ID of each candidate
gene was used for gene search in the database of PlantPAN. Once the gene was found,
the promoter analysis was performed by searching for transcription factor (TF) binding
sites, tandem repeats and CpG islands from the 5’UTR-end to 1500 bp upstream of the
transcription start site and from the transcription stop site to the 3’UTR-end. A
coexpression analysis of TFs was performed for the candidate genes in PlantPAN using
Pearson’s correlation coefficient and Spearman’s rank correlation coefficient with the
default’s threshold (0.8) and SVM score (1.00) under the condition of environmental
stress.

RESULTS
Candidate Genes
The GWAS and complementary pathway analyses published by Warburton et al.
[30] and Tang et al. [31], respectively, served as a base for the selection of candidate
genes used in this study. A total of 17 candidate genes were selected for characterization
(Table 4.1).
The gene ontology of each gene available in the Gramene database and listed in
Table 4.1 was complemented with a standard protein Basic Local Alignment Search Tool
(BLAST) [205]. The correspondent protein sequences (also available from the Gramene
database) for each candidate gene was submitted to BLAST in the publicly available tool
from the National Center of Biotechnology Information (NCBI) database [206]. The
genes products found by BLAST proteins include transcription factors (TFs), kinases,
hydrolases, dehydrogenases, peptide synthases, and transferases (Table 4.1, Figure 4.2).
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Only one of the selected genes, Zm00001d047107, was annotated as an uncharacterized
protein, and the BLAST results showed a match to DUF863 plant motif of unknown
function.

Figure 4.2

Distribution of selected candidate genes by annotated function
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Alle.
Eff.c
0.782

0.943

1.025

0.381

1.048

0.892

pb
2.778
E-06
2.369
E-07
2.376
E-06
4.245
E-06
1.850
E-06
4.185
E-05

S1_276742207

S2_194516873

S2_ 211619448

S2_24244192

S3_220964923

S3_221417394

Peptidase, M50 family. Zn-metalloproteinase. Biological process:
protein folding; response to heat, to high light intensity and to
hydrogen peroxide. Cellular component: membrane
Serine/threonine-protein kinase D6PKL1. Biological process: protein
phosphorylation. Cellular component: integral component of
membrane.

Gene Product and Metabolic Function

Zm00001d044187

Zm00001d044168

Zm00001d002833

A

A

Heat stress transcription factor C-1. Biological process: regulation of
transcription, DNA-templated; response to heat. Molecular function:
sequence-specific DNA binding, and transcription factor. Cellular
component: nucleus
DNA (cytosine-5)-methyltransferase DRM2. Biological Process:
DNA methylation. Molecular function: methyltransferase activity.

A

A

A

A

Ref.e

Pepsin A. Biological process: proteolysis. Molecular function:
aspartic-type endopeptidase, peptidase and hydrolase activity.
Cellular component: plant-type cell wall.

R2R3MYB-domain protein. Biological process: response to abscisic
acid and chitin; cell growth; cuticulae development; regulation of
Zm00001d006585
primary metabolic process and raffinose metabolic process. Molecular
function: DNA and chromatin binding.

Zm00001d005976

Zm00001d033872

Gene IDd

Candidates genes selected from markers published by Warburton et al. [30] and Tang et al. [31]; their reported p
value from the studies; allele effect on aflatoxin accumulation in maize from the GWAS output; Gramene accession
number; and their gene product and metabolic function description.

Markera

Table 4.1
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-0.604

0.507

-0.731

8.255E06

2.090E06

S5_32111121

S6_125230729

S7_125097886

0.512

5.626E05

S4_27923625

2.367E03

-0.371

7.144 E03

S4_235422990

Table 4.1 (Continued)

Zm00001d020612

Zm00001d037429

Zm00001d014093

Zm00001d049363

Zm00001d053586

B

A

B

A

A

Putative cytochrome P450 superfamily protein. Biological process: oxidationreduction process. Molecular function: iron ion binding; electron carrier
activity; oxyreductase activity, acting on paired donors, with incorporation or
reduction of molecular oxygen; heme binding. On Oryza sativa Japonica and
Triticum urartu involved on Allene oxide synthase 4 (Hydroperoxide
dehydratase)
Putative alcohol dehydrogenase superfamily protein. Biological process:
oxidation-reduction process. Molecular function: nucleotide, Copper ion, ATP
and Zinc ion binding; oxyreductase activity. Cellular component: nucleus,
mitochondrion and chloroplast. Similar to Arabidopsis lyrata oxyreductase;
Arabidopsis thaliana polyketide synthase, enoyl reductase
3-ketoacyl-CoA thiolase 2 peroxisomal. Biological process: lipid and fatty acid
metabolic process; response to sucrose and UV-B; flavonoid and oxylipin
biosynthetic process. Molecular function: catalytic, transferase activity and
acetyl-CoA C- acyltransferase. Component of Peroxisome.
Thioredoxin reductase. Biological process: Pollen germination; cell growth;
removal of superoxide radicals; thioredoxin biosynthetic process; cell redox
homeostasis; response to cadmium ion; seed development; oxidation-reduction
process. Molecular function: Thioredoxin-disulfide reductase and oxyreductase
activity; flavin adenine dinucleotide binding. Cellular component: Cytoplasm;
mitochondrion; mitochondrial matrix; cytosol; chloroplast envelope.
Choline/ethanolamine kinase. Biological process: phosphorylation and
glycerophospholipid biosynthetic process; part of choline biosynthesis
pathway. Molecular function: kinase and transferase activity.
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0.710
0.741
0.919

-0.720

8.857E06
1.343E06
1.714E06
3.400E06

S10_110579270

S10_126877394

S10_140336483

Zm00001d026431

Zm00001d026175

Zm00001d025705

Zm00001d025239

Zm00001d047107

Zm00001d021714

OSJNBa0033G05.6 protein; OSJNBa0063C18.20 protein. Biological process:
oxidoreductase activity. Molecular function: acting on paired donors, with
incorporation or reduction of molecular oxygen, 2-oxoglutarate as one donor,
and incorporation of one atom each of oxygen into both donors.

NAD-dependent protein deacetylase Sirtuin 1. Molecular function: NAD+
binding.
Squamosa promoter-binding protein like (SBP domain) transcription factor
family protein. Molecular function: DNA binding. Cellular component:
nucleus.

Small nuclear ribonucleoprotein F. Molecular function: nucleic acid binding.
Cellular component: ribonucleoprotein complex.

Uncharacterized protein. DUF863 plant motif of unknown function.

BTB/POZ domain-containing protein

A

A

A

A

A

A

Markers were converted from their original published version (AGPv2) to the most recent available maize genome assembly
AGPv4
b
p value reported by Warburton et al. [30]
c
Allele effect reported by Warburton et al. [30]
d
Gene accession number based on annotation of maize genome assembly AGPv4
e
Candidate gene extracted from GWAS analysis [30] (A) or Pathway analysis [31] (B)

a

0.787

2.870E10

S9_118804443

S10_145721261

-0.910

7.090E06

S7_161120621

Table 4.1 (Continued)

Cis-elements
The analysis of cis-elements performed using the tool PlantCARE searched for
core sequences of promoters previously described in the literature [207] and revealed
over 100 different promoter sequences across all candidate genes. A summary of only the
cis-elements found related to the recognition and response to pathogens and wounding
effect is presented (Tables 4.2 and 4.3).
The core sequence for cis-elements involved in abscisic acid (ABRE) and methyl
jasmonate (CGTCA and TGACG motifs) responsiveness, and MYB TF binding sites
(MBS) were found in most of the candidate genes (Table 4.2). The two genes selected
from the pathway analysis [31], Zm00001d053586 and Zm00001d014093, are part of the
jasmonic acid biosynthesis pathway. Thus, as expected, these two genes are among those
that with the CGTCA and TGACG motifs in their promoter region. Several genes showed
the presence of the core sequence corresponding to fungal elicitor responsive element
(Box W1), including Zm00001d005976, Zm00001d044187, Zm00001d053586,
Zm00001d049363, Zm00001d037429, Zm00001d026175, Zm00001d025239, and
Zm00001d026431. These same genes also showed binding sites for the TF WRKY (W
Box).
The genes Zm00001d005976, Zm00001d002833, Zm00001d044168,
Zm00001d049363, and Zm00001d025705 contained the GCC box element (Table 4.2),
which is activated in response to wounding and pathogen detection (Table 4.3). The gene
ontology of the genes Zm00001d033872 and Zm00001d044168 linked their function to
heat stress response, which was corroborated by the presence of the core sequence of the
HSE promoter (Table 4.2).
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-646, -927, 886, -943
-73, -1159

-1103,
+436
-1333

Zm00001d006585

Zm00001d002833

-1150

Zm00001d049363

-1275,
+211

Zm00001d020612

Zm00001d021714

-1322

Zm00001d037429

+152

-621, 857

-127

Zm00001d053586

-188

+404

-1044

-178

-1285

Zm00001d044187

Zm00001d014093

-360, -699

-1481

+73,
+168

Zm00001d044168

-495, +434

-684

+15

Zm00001d005976

+208

-1237

Zm00001d 033872

CGTCA
motif

ABRE

Box
W1

-1229

-587

-131

+330

GCC
box

-1122

-1140,
-1481

-609

+414

-255

+309

HSE

-209,
+828

+306

-1256

-856

-652, 801

-413

-442,
+1453

+423

MBS

-1373

-708

-988

-870

-855 1045, 1142

-530

TC
rich
repeats

-1249

-438

-1047, 1112

-175

-1292

-891

TCA
element

+188

-526

-404

+360

-434

-1086

-684

TGACG
motif

+152

-236

-178

-1481

-208

W box

Predicted cis-elements related to pathogen recognition and response and the initial position of the core sequence in
the selected candidate genes.

Gene ID

Table 4.2

76
+546, +845,
+1183

-1836

+873

-2239

+189,
+738

-1361

-353

-874

+461

-581

-536

+197

-650, 1364

-609

+233,
+251,
+531,
+1104
+395,
+438,
+49,
+616,
+731

-165

-718, 1092,
+345

-43, 1211, 1246, 1338
+429

-1228, 1450

-870

+873

-580

-858

Negative numbers represent the position of the beginning of the cis-element core sequence upstream of the transcription start site,
which is considered position 1. Positive numbers represent the beginning of the cis-element core sequence downstream the
transcription start site. For description of the core sequence and function of each cis-element refer to Table 4.3

Zm00001d026431

Zm00001d025705

-580

Zm00001d025239
+208 -233, 251, -531, 1104

-981, +165

-858

-1228, 1450

Zm00001d026175

-25, 609,
+13,
+21,
+27
-345, -718, 1092

Zm00001d047107

Table 4.2 (Continued)
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Function of the cis-element
Abscisic acid (ABA) responsiveness
Fungal elicitor responsive element
Regulatory element involved in the methyl jasmonate (MeJA) responsiveness
Elicitation to wounding and pathogen responsiveness
Involved in heat stress responsiveness
MYB TF binding site involved in drought-inducibility
Involved in defense and stress responsiveness
Involved in salicylic acid responsiveness
Regulatory element involved in the MeJA responsiveness
Elicitation to wounding and pathogen responsiveness. Binds WRKY type TF

Core Sequence
GCCGCGTGGC
TTGACC
CGTCA
AGCCGCC
AAAAAATTTC
TAACTG
ATTTTCTCCA
GAGAAGAATA
TGACG
TTGACC

ABRE

Box W1

CGTCA motif

GCC box

HSE

MBS

TC rich repeats

TCA element

TGACG motif

W box

Support table to describe the core sequence and function related to the cis-elements found for the selected candidate
genes described in Table 4.2

Cis-element

Table 4.3

The PlantPAN 2.0 database has a collection of microarray expression data from
maize samples derived from (among others), data sets responding to abiotic and biotic
stresses [204]. This data is particularly useful to show the interaction of TFs that are
coexpressed with a specific gene. Thus, each one of the candidate genes was submitted to
the coexpression network analysis. The PlantPAN online tool uses as reference the maize
genome assembly AGPv3, thus the figures obtained from the network analysis were
generated with the old nomenclature. However, when expressing the results here, the
correspondent gene ID for AGPv4 are used.
Only three of the fifteen candidate genes returned with matches for the
coexpression network analysis, those were: Zm00001d014093 (GRMZM2G110201) (3ketoacyl-CoA thiolase 2), Zm00001d037429 (GRMZM5G841142) (Thioredoxin
reductase), and Zm00001d025239 (GRMZM2G058573) (Small nuclear ribonucleoprotein
F). The coexpression analysis performed by PlantPAN 2.0 consists of the query gene, the
TFs associated with it, and the proteins that have been experimentally confirmed to
interact with the TF or that are predicted to interact with the TF [204]. For the three genes
for which a coexpression network map was generated, only the transcription factors
associated with the queried genes were found (Figure 4.3). The coexpression analysis
generated a list of the TF genes associated with each gene. This list was used to search
against all the genes reported in the GWAS done by Warburton et al. [30] with a p value
< 10-4 and all the genes reported by Tang et al. [31] related to the jasmonic acid
biosynthesis pathway. None of the associated TFs found by the coexpression analysis
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network were found in the significant gene lists reported by Warburton et al. [30] and
Tang et al. [31].

Figure 4.3

Transcription factors coexpression network generated by promoter
coexpression analysis in the online tool PlantPAN 2.0 for candidate genes
selected from GWAS and pathway analysis

A descriptive table of the genes that compound each one of these networks is available in
Appendix D on Tables D.2 for the gene Zm00001d014093 (A), D.3 for the gene
Zm00001d037429 (B), and D.4 for the gene Zm00001d025239 (C).
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Expression analysis
To design primers for the gene expression analysis, the genomic and coding
sequences of each candidate gene were retrieved from the Gramene database and aligned
to each other. The alignment assembled the gene’s structure, ensured the design of
primers in the coding region of the genes. Although the sequences of all but two
candidate genes allowed primers to be designed for the gene expression analysis, some
genes failed in the selection of a unique primer set that would express only the gene
(region) of interest. The genes Zm00001d044168 and Zm00001d044187 had no regions
that met the selection parameters set for primer design.
To confirm that the selected primers amplify the correct region, end-point PCR
was used. Genes that produced a single band of the expected size were cloned and
sequenced by the Sanger sequencing method at the Genomics and Bioinformatics
Research Laboratory (USDA-ARS, Stoneville, MS). The sequences were aligned to the
reference maize genome assembly AGPv3 to confirm the specificity of the primers
selected using the Lasergene Megalign software (DNASTAR, Madison, WI) (Appendix
D – Figure D.5). Only primer pairs that amplified the target region were used to perform
the gene expression analysis via RT-qPCR.
For the genes Zm00001d006585, Zm00001d002833, Zm00001d053586,
Zm00001d021714, Zm00001d047107, and Zm00001d026175, primers set that met the
selection criteria were found, despite their highly conserved sequences. However, the
primers designed for these genes were either not specific enough, resulting in the
amplification of multiple sites, or failed to amplify any product at all (Appendix D –
Table D.5). The rest of the candidate genes that had a correct and efficient primer set
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designed for gene expression analysis were assigned an identification key to facilitate the
flow of the discussion of results. These identifications are arbitrary acronyms that
elucidate the gene’s function and can be found in Table 4.4.
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b

a

Sir
Unc.P

Zm00001d025705

Zm00001d026431

27
27
27
27
28
28
27
27
27
27
32
28
27
27
31
28
18
19

CTCCTTTATCTGCCTCTCCAACATGGC
TCAGGTTCTATGTGGCAGAGGTACTCC
TTTGGAGCATCAGGCTTTGACTTGTCC
CCATCAACATTATAAGGGACAGGCCTGG
ACAGTTAAATCCTAATGCAGGCTCTGGC
CCTCACATCTGAGAATGTTGCACACCG
AGGACTGCAAGAGAAGTATCCACTCGG
AGTACGGCTCGCAAGTTTACATCATCC
TTGGTCACCACATACCCATCAGAGTCG
GGTGACTTATGTTGCTCGTTTGAGACTGTTGC
AGCAAAATGGGCCCGAAATATCAGAAGG
CCGGCGTCGACTACAGAGGTATATTGG
GTGCTGATGTACAGAACGTTGTTGCCC
GGCTATGCTGAGAAGCTGTCCTACCGGGAGG
ATCTACCACAGCCCTAATCACTAGGAGG
GGTCCTGAACGAGTGCAT
TCGCCTAGGTTGACGATGA

n-mer

CAAGAACCAGTACAAACCGCCTCTTCG

Primer Sequence 5' → 3' (Forward/Reverse)

Expected amplification size in base pairs
Annealing temperature used

snRNP

Zm00001d025239

ThioN

Zm00001d014093

CholK

P.ADH

Zm00001d049363

Zm00001d020612

SerThr

Zm00001d005976

ThioRed

PepM50

Zm00001d033872

Zm00001d037429

Gene
Symbol

258

189

148

264

298

228

158

367

212

Exp. size (bp)a

56

61

61

62

61

61

61

61

61

TM
°Cb

Selected candidate genes that were submitted to gene expression analysis, their gene symbol adopted in this study,
and the amplification details of the primer pairs used for gene expression analysis

Gene ID.

Table 4.4

The SYBR green dye was used to detect the amplification in the RT-qPCR
assays. To confirm specificity, melt curve analysis was performed for each candidate
gene. The amplified products from the RT-qPCR runs were also visualized in an agarose
gel to confirm the amplification of a single band product with the expected size. All the
primer pairs used for RT-qPCR showed a single peak in the melt curve analysis
indicating a single amplicon, and this conclusion was supported with the gel images
(Appendix D – Figures D.6 to D.15). The samples used to construct the standard curve
for absolute quantification analysis were excised from the circular plasmids vector used
for sequencing the candidate gene’s primer amplicon. Thus, the temperature detected in
the melt curve analysis served as support information to confirm that the first-strand
cDNA from maize kernel samples also amplified the correct genome region, as similar
melting temperatures were found in both types of samples (plasmids and maize RNA)
amplified with the same primer pairs (Appendix D – Figures D.6 to D.15). The standard
curves generated with the plasmid also serve to estimate the efficiency of the primer pairs
used. The efficiencies ranged from 84% to 100%, where the gene Unc.P had the lowest
efficiency (Appendix D – Figure D.14) and the gene ThioN the highest (Appendix D –
Figure D.9). For the gene P.ADH, primer dimers were detected in the two lowest
concentrations of the standard curve, thus these points were excluded from the
construction of the curve for this gene (Appendix D – Figure D.8).
For the relative expression analysis, different questions were asked to understand
the patterns of the candidate gene’s expression in maize kernels challenged with A. flavus
inoculum. Thus, fold changes (FCs) in gene expression was measured for each candidate
gene in two susceptible maize lines (B73 and Va35) and two resistant maize lines
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(Mp313E and Mp719). These FCs were calculated in three different ways using the same
set of RT-qPCR data. First, we sought to understand how the candidate genes expressed
differently when exposed to A. flavus. Thus, the first set of analyses consisted of the FC
between spore inoculated samples (Sp) and control uninoculated samples (Un) (FC =
Sp/Un). Since A. flavus generally infests maize kernels through injury, infection is
compounded by wounding. Thus, the effect of wounding in the gene expression analysis
was also taken in consideration to separate fungal resistance responses from wounding
responses. This was done by first measuring the FC between Sp and water inoculated
(Wt) samples (FC = Sp/Wt), which would, in theory, express only the effect of the fungi
exposure since the wounding effect cause by water inoculation served as the control
sample. The second analysis accounted for wounding response in the analyzed samples,
using comparison between Wt and Un samples (FC = Wt/Un). The calculated FC in this
last set of comparison was expected to reveal the effect of wounding alone in the
candidate genes.
To evaluate how the candidate genes expression varied between resistant and
susceptible genotypes within each FC scenario (Sp/Un, Sp/Wt, and Wt/Un) separately
statistical analysis were performed for each one of these scenarios (See SAS codes used
on Appendix E). In order to understand how the applied treatments influenced the gene
expression pattern in each genotype, statistical analysis was performed to compare the FC
scenarios within each genotype. Thus, the statistical significance between Sp/Un, Sp/Wt,
and Wt/Un was compared for each one of the four genotypes individually (See SAS
codes used on Appendix E).
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Following the same logic described above, a similar statistical analysis was
performed to compare the results of the absolute quantification analysis. In this case,
however, the analysis sets compared the significance of the difference between treatments
within genotypes (example: susceptible genotype B73 with the three biological replicates
corresponding to three treatments: Sp; Wt; and Un), and genotypes within treatments
(example: the three biological replicates inoculated with Sp of the two susceptible
genotypes, B73 and Va35, and the two resistant genotypes, Mp313E and Mp719).
The gene PepM50 was 2-fold downregulated in the resistant lines Mp313E and
Mp719, and the susceptible line Va35 in response to wounding (Wt/Un FC = 0.5) (Figure
4.4 C). When comparing the changes between Sp/Un, these same lines did not show
much difference in their regulation for this gene (Figure 4.4 A). However, when the
effect of wounding is eliminated, there is an increase of 2-fold in the PepM50 gene
expression for these three lines (Figure 4.4 B). In contrast, the susceptible line B73
showed an upregulation of 3-fold in response to wounding (Figure 4.4 C), and a 1.5-fold
decrease when responding to A. flavus inoculation (Figure 4.4 B). Although the lines
Mp313E, Mp719, and Va35 showed a similar response in all the three comparison
(Sp/Un, Sp/Wt, and Wt/Un), Mp313E was the only genotype that showed a statistically
significant difference (at p < 0.05) (Figures 4.4 E, F, and G).
The susceptible line B73 did not show any differences in the expression of the
gene SerThr in any of the scenarios considered (Figure 4.5 D); the susceptible line Va35
displayed a slight downregulation in response to the Sp treatment (Sp/Un), but when the
wounding effect was considered (Sp/Wt) the line showed no difference in the gene
expression (Figures 4.5 E). In contrast, the resistant lines Mp313E and Mp719 had no
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response to wounding alone (FC Wt/Un = 1) but showed a 2-fold (FC = 0.5) and 1.2-fold
(FC = 0.8), respectively, downregulation when inoculated with spores (Figure 4.5 F and
G).
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Figure 4.4

Fold change (FC) in expression for the candidate gene PepM50 (Zm00001d033872). Graphs show the statistical
comparison among all genotypes for Spore/Uninoculated (Sp/Un) (A), Spore/Water (Sp/Wt) (B), and
Water/Uninoculated (Wt/Un) (C); and among all treatments for the susceptible genotypes B73 (D) and Va35 (E), and
the resistant genotypes Mp313E (F) and Mp719 (G). Bars represent the standard deviation (n=3 replications) and
means with the same letter do not differ statistically (p > 0.05).
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Figure 4.5

Fold change (FC) in expression for the candidate gene SerThr (Zm00001d005976). Graphs show the statistical
comparison among all genotypes for Spore/Uninoculated (Sp/Un) (A), Spore/Water (Sp/Wt) (B), and
Water/Uninoculated (Wt/Un) (C); and among all treatments for the susceptible genotypes B73 (D) and Va35 (E), and
the resistant genotypes Mp313E (F) and Mp719 (G). Bars represent the standard deviation (n=3 replications) and
means with the same letter do not differ statistically (p > 0.05)

No significant changes were found in the expression of the gene P.ADH for any
of the genotypes and treatments tested (Figure 4.6). The expression of the gene ThioN
was not affected by any of the treatments applied to the kernels in the genotype B73
(Figure 4.7 D). The same gene showed slight upregulation in the genotype Mp313E when
inoculated with Sp (Figure 4.7 F). The genotypes Va35 and Mp719 had the gene ThioN
downregulated during all treatments (Figure 4.7 E and G). None of the changes in the
gene ThioN were statistically significant.
The genotype B73 showed no differences in the expression of the gene ThioRed
among all the treatments (Figure 4.8 D). The other susceptible genotype, Va35, however,
showed an increase of ~1-fold in response to spore inoculation, after the initial response
to wounding (Figure 4.8 E). The resistant genotypes Mp313E and Mp719 showed similar
response in the expression of the gene ThioRed in that they both had no response to
wounding alone but were nearly 3-fold upregulated in response to A. flavus spores
(Figure 4.8 F and G).
Although the comparison between Sp/Un in the genotype B73 produced a
significant upregulated FC (FC = 2) in the gene CholK (Figure 4.9 D). The results for
Sp/Wt and Wt/Un reveal that the changes in the gene expression for this line were due to
wounding rather than the spore inoculation. The opposite was found for the resistant lines
Mp313E and Mp719 (Figure 4.9 F and G). These genotypes were downregulated in
response to wounding and it respond the inoculation of A. flavus by upregulated this 3folds for Mp719, and 1.2 for Mp313E. The genotype Va35 had no difference in
expression for this gene in response to wounding and showed a small downregulation
when exposed to A. flavus (Figure 4.9 E).
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Figure 4.6

Fold change (FC) in expression for the candidate gene P.ADH (Zm00001d049363). Graphs show the statistical
comparison among all genotypes for Spore/Uninoculated (Sp/Un) (A), Spore/Water (Sp/Wt) (B), and
Water/Uninoculated (Wt/Un) (C); and among all treatments for the susceptible genotypes B73 (D) and Va35 (E), and
the resistant genotypes Mp313E (F) and Mp719 (G). Bars represent the standard deviation (n=3 replications) and
means with the same letter do not differ statistically (p > 0.05).
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Figure 4.7

Fold change (FC) in expression for the candidate gene ThioN (Zm00001d014093). Graphs show the statistical
comparison among all genotypes for Spore/Uninoculated (Sp/Un) (A), Spore/Water (Sp/Wt) (B), and
Water/Uninoculated (Wt/Un) (C); and among all treatments for the susceptible genotypes B73 (D) and Va35 (E), and
the resistant genotypes Mp313E (F) and Mp719 (G). Bars represent the standard deviation (n=3 replications) and
means with the same letter do not differ statistically (p > 0.05).
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Figure 4.8

Fold change (FC) in expression for the candidate gene ThioRed (Zm00001d037429). Graphs show the statistical
comparison among all genotypes for Spore/Uninoculated (Sp/Un) (A), Spore/Water (Sp/Wt) (B), and
Water/Uninoculated (Wt/Un) (C); and among all treatments for the susceptible genotypes B73 (D) and Va35 (E), and
the resistant genotypes Mp313E (F) and Mp719 (G). Bars represent the standard deviation (n=3 replications) and
means with the same letter do not differ statistically (p > 0.05).
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Figure 4.9

Fold change (FC) in expression for the candidate gene CholK (Zm00001d020612). Graphs show the statistical
comparison among all genotypes for Spore/Uninoculated (Sp/Un) (A), Spore/Water (Sp/Wt) (B), and
Water/Uninoculated (Wt/Un) (C); and among all treatments for the susceptible genotypes B73 (D) and Va35 (E), and
the resistant genotypes Mp313E (F) and Mp719 (G). Bars represent the standard deviation (n=3 replications) and
means with the same letter do not differ statistically (p > 0.05).

The gene snRNP showed a significant 2-fold downregulation in response to
wounding (Wt/Un FC = 0.5), in the resistant genotype Mp719 (Figure 4.10 G). However,
when the kernels for this line were exposed to A. flavus, the gene snRNP increased nearly
3-fold. The susceptible genotype Va35 showed the same pattern of expression, although
on a smaller scale (Figure 4.10 E). The genotypes B73 and Mp313E did not show
significant changes in expression in the scenarios evaluated for this gene (Figure 4.10 D
and F).
The genotype Mp719 was the only line to show an upregulation in the gene Sir
when inoculated with A. flavus spores (Figure 4.11 B). The other genotypes showed no
significant difference in the expression of this gene across all the treatments measured
(Figures 4.11 D, E, and F).
The resistant genotype Mp313E and the susceptible genotype Va35 showed a
similar pattern of expression for the gene Unc.P (Figures 4.12 E and F). Both genotypes
showed no differences in expression in response to the Sp treatment but had a
downregulation of 2-fold in response to wounding. The genotypes B73 and Mp719,
followed the same pattern, but of an insignificant magnitude (Figures 4.12 D and G).
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Figure 4.10

Fold change (FC) in expression for the candidate gene snRNP (Zm00001d025239). Graphs show the statistical
comparison among all genotypes for Spore/Uninoculated (Sp/Un) (A), Spore/Water (Sp/Wt) (B), and
Water/Uninoculated (Wt/Un) (C); and among all treatments for the susceptible genotypes B73 (D) and Va35 (E), and
the resistant genotypes Mp313E (F) and Mp719 (G). Bars represent the standard deviation (n=3 replications) and
means with the same letter do not differ statistically (p > 0.05).
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Figure 4.11

Fold change (FC) in expression for the candidate gene Sir (Zm00001d025705). Graphs show the statistical
comparison among all genotypes for Spore/Uninoculated (Sp/Un) (A), Spore/Water (Sp/Wt) (B), and
Water/Uninoculated (Wt/Un) (C); and among all treatments for the susceptible genotypes B73 (D) and Va35 (E), and
the resistant genotypes Mp313E (F) and Mp719 (G). Bars represent the standard deviation (n=3 replications) and
means with the same letter do not differ statistically (p > 0.05).
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Figure 4.12

Fold change (FC) in expression for the candidate gene Unc.P (Zm00001d026431). Graphs show the statistical
comparison among all genotypes for Spore/Uninoculated (Sp/Un) (A), Spore/Water (Sp/Wt) (B), and
Water/Uninoculated (Wt/Un) (C); and among all treatments for the susceptible genotypes B73 (D) and Va35 (E), and
the resistant genotypes Mp313E (F) and Mp719 (G). Bars represent the standard deviation (n=3 replications) and
means with the same letter do not differ statistically (p > 0.05).

In general, the genes SerThr, P.ADH, and ThioN were downregulated in all
scenarios considered for all four genotypes evaluated (Figure 4.13). The susceptible line
Va35 and the resistant line Mp719 showed a upregulation for the majority of the
candidate genes tested in response to the spore treatment (Figure 4.13 B and D). The two
resistant lines, Mp313E and Mp719, had the same expression pattern for the gene
PepM50 and ThioRed, even thought they were of different magnitudes (Figures 4.13 C
and D). The susceptible line B73 showed the least expression variation and thus was the
least responsive to all candidate genes tested (Figure 4.13 A).

Figure 4.13

Heatmap exploring the fold change (FC) in expression of candidate genes
for the susceptible genotypes B73 (A) and Va35 (B), and resistant
genotypes Mp313E (C) and Mp719 (D). Candidate genes are separated by
rows and treatment comparison by columns. Different colors represent
different FC values according to scale next to each map.

Heatmaps were created with the online tool Heatmapper [208].
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When evaluating copy number of the candidate genes in the seleceted genotypes,
the uninoculated kernels copy number measurement (e.g. Uninoculated kernels) was
higher and decreased somewhat between the water inoculation (e.g. Water inoculated
kernels) and spore inoculatation (Figure 4.14).The resistant genotype Mp719 followed
this pattern for all nine candidate genes evaluated. The genotype Mp313E, however, only
followed this pattern for the candidate genes SerThr (Figure 4.14 B), CholK (Figure 4.14
F), and Unc.P (Figure 4.14 I). In the other six candidate genes, Mp313E shows a higher
copy number when kernels were water inoculated with water (Figures 4.14 A, C, D, E,
G,and H). The genotype Va35, showed copy number values for spore and water
inoculated treatments for most of the genes, expect for the genes ThioRed (Figure 4.14 E)
and snRNP (Figure 4.14 G), where the opposite was observed. In contrast, the other
susceptible line, B73, showed very little variation between the copy numbers of kernels
when inoculated with water and spore for all candidate genes, similarly to the fold change
analysis above.
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Figure 4.14

Copy number for candidate genes PepM50 (Zm00001d033872) (A), SerThr
(Zm00001d005976) (B), P.ADH (Zm00001d049363) (C), ThioN
(Zm00001d014093) (D), ThioRed (Zm00001d037429) (E), CholK
(Zm00001d020612) (F), snRNP (Zm00001d025239) (G), Sir
(Zm00001d025705) (H), and Unc.P (Zm00001d026431) (I). Bars represent
the standard deviation (n=3) and genotype means with the same uppercase
letter do not differ statistically within treatment (e.g. all genotypes
inoculated with Spore); and genotypes means with the same lowercase
letter do not differ statistically among treatments (example: B73-Sp x B73Wt x B73-Un) (p > 0.05).
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Whole gene sequence
The protein coding region of the gene PepM50 was fully sequenced using firststrand cDNA for the four genotypes used in this study. Primers were designed using the
transcript variant T002 of the candidate gene available in the online database Gramene
assembly version AGPv4 (Table 4.5).

Table 4.5

a
b

Primers pairs used to sequence the protein coding region of the gene
PepM50 (Zm00001d033872).

Direction

Primer Sequence 5' → 3'

nmer

Forward 1
Reverse 1
Forward 2
Reverse 2
Forward 3
Reverse 3

CGAAGGCACGCAGCACATATCAGACACC
CGAGTGCCTTGAAGGTCTGCTCCG
CAAGAACCAGTACAAACCGCCTCTTCG
AACCAGAGGGTGACCTCTGTTCCAGC
CGGAGCAGACCTTCAAGGCACTCG
CGTCTAGATGCCGCCTCTAAAGAACGGGTCG

28
24
27
26
24
31

Exp.
Size
(bp)a

TM
(°C)b

835

64.1

664

62.6

1249

64.6

Expected amplification size in base pairs
Annealing temperature for primer pair

The coding sequence for the variant T002 of the gene PepM50 available for the
reference B73 maize genome assembly AGPv4 (available in the Gramene database) has
1773 bp (Figure 4.15), and it encodes a protein that has 591 amino acids (Figure 4.16).
The sequenced genotype B73 used in this study aligned with 100 % confidence to the
reference sequence retrieved from the Gramene database (Figure 4.15).
The genotypes Va35 and Mp719 showed the deletion of 12 DNA bases from the
position 13 to 24 of the reference sequence (Figure 4.15). This deletion caused the protein
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produced by this genotypes to be four amino acids smaller, but it did not cause a
frameshift mutation (Figure 4.16). These genotypes showed, however, two missense
mutations caused by the change of the DNA bases 244 and 320/1 (Figure 4.15). These
mutations caused the variation of the amino acid valine, found on the reference sequence,
for isoleucine in the latter case; and the substitution of glycine for glutamic acid in the
former mutation (Figure 4.16). This mutation did not show a significant difference in the
predicted secondary structure of the produced protein for these two genotypes in
comparison to B73 (Figure 4.17).
The genotype Mp313E did not show any differences in the length of the protein
encoded by the gene PepM50. However, this genotype revealed 16 DNA mutations in
comparison to the reference sequence (Figure 4.15). Five of these mutations led to
missenses in the encoded protein by this genotypes. These mutations were responsible for
structural changes in the predicted secondary structure of the protein encoded for the
gene PepM50 (Figure 4.16).
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Figure 4.15

Alignment of the sequenced coding region of the gene PepM50
(Zm00001d033872) for the susceptible genotypes B73 and Va35, and
resistant genotypes Mp313E and Mp719, with the reference maize genome
assembly AGPv4 (PepM50_CDS_T002). Bases that differ from the
reference sequence PepM50_CDS_T002 are shaded blue.
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Figure 4.15 (Continued)
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)

Figure 4.15 (Continued)
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Figure 4.15 (Continued)
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Figure 4.16

Predicted secondary structure of the protein produced by the gene PepM50
(Zm00001d033872) base on the translation of the coding region sequence
from the susceptible genotypes B73 and Va35, and the resistant genotypes
Mp313E and Mp719.

Gray shaded regions highlight the differences in the predicted secondary structure among
the genotypes sequenced. Secondary structure predicted with the software Protean 3D
(DNASTAR, Madison, WI).

DISCUSSION
The GWAS and its complementary pathway analysis highlighted more than 100
genes that are related to A. flavus contamination in maize [30,31]. These genes have the
potential to be useful markers in maize breeding programs aimed but their metabolic role
have to be validated [165]. Thus, this study aimed to characterize the different expression
of candidate genes selected from the GWAS performed by Warburton et al. [30] and the
pathway analysis published by Tang et al. [31]. The experimental designed adopted here
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sought to shed light in the molecular changes of the selected candidate genes in
susceptible and resistant maize kernels when exposed to A. flavus.
The expression analysis performed here served to confirm the role predicted by
the GWAS study for the candidate gene SerThr. In the GWAS analysis, this gene showed
a positive allele effect (Table 4.1) [30], which related its participation as a facilitating
agent in the accumulation of A. flavus in maize. The resistant lines, Mp313E and Mp719,
showed a downregulation in this gene when exposed to A. flavus (Figure 4.5 B). The
susceptible line B73 showed no differences in the expression of SerThr independently to
the treatments applied suggesting is continuous expression, which was corroborated by
the copy number measurements (Figure 4.14 B). The ontology analysis of this gene
showed that this gene encodes a serine/threonine-protein kinase D6PKL1 (Table 4.2).
This protein has shown to play an important role in the auxin efflux in plants [209]. A
study performed by Luo et al. [210] showed different response of auxin related genes in
resistant and susceptible genotypes challenged with A. flavus. The expression pattern
found by them corroborates with the one demonstrated by SerThr in the present study.
Luo et al. study [210] showed that susceptible lines tend to upregulate auxin related
proteins, and resistant lines tend to downregulate these genes. Thus, further analysis of in
vivo expression would be useful to determine if the knockout of the gene SerThr would
improve the resistance response in maize.
The other top candidate gene from the GWAS study, Zm00001d044187, although
failed in the selection of a unique region to undergo gene expression analysis, this gene
should not be discarded from future attempts of characterization. This gene, encodes a
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DNA methyltransferase (Table 4.1), which has shown to act as a trans regulation element
in plant defense against pathogens [211].
The gene CholK showed a negative effect in the GWAS analysis, e.g. it
contributed to reduce the accumulation of A. flavus in maize [30]. The expression
analysis performed here showed that the resistant lines upregulated this gene when in
contact to A. flavus. Thus, confirming the gene effect in the defense mechanism against
the fungus in the genotypes tested. This same candidate gene has appeared previously in
a study conduct in maize to study transcription changes in response to the fungus
Colletotrichum graminicola [212]. The gene CholK showed a significant accumulation in
maize leaves 72 hours post inoculation of the C. graminicola fungus. The prompt
response of this gene to fungal attack can be link to its role in the cell. The product of this
gene is responsible to catalyze the first step in the biosynthesis of phospholipids, which
are essential for the formation of cell membranes [213], the first place of contact and
recognition of pathogens.
Three of the candidate genes that showed to be significant in the GWAS
performed by Warburton et al. [30] and G. Mahuku (unpublished results) showed the
same expression pattern in the resistant lines. The genes PepM50 (Figure 4.4 F and G),
ThioRed (Figure 4.8 F and G), and snRNP (Figure 4.10 F and G) were downregulated in
response to wounding but showed a significant increase when exposed to A. flavus
spores. These three genes have been previously described in the literature as key players
in pathogen defense. The gene product of the gene snRNP is part of the machinery that
regulates gene expression and could potentially influence the expression of other
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resistance related genes [214]. Furthermore, the coexpression network analysis showed a
several transcription factors that regulated the expression of these gene (Figure 4.3 C) and
could be used to study the expression of this gene in vivo. The gene ThioRed produces a
well-known key antioxidant agent in plant cells. It has been shown to be upregulated to
protect plant cells from oxidative damage caused by pathogens [215]. This gene also
seems to have its expression controlled by several genes as shown by the coexpression
network analysis (Figure 4.3 B).
The role of peptidases, such as the one produced by the gene PepM50, during an
oxidative stress is to degrade intracellular proteins that have been modified due to
oxidation [216]. Thus, during an oxidative stress, such as the one caused by A. flavus
contamination, genes encoding this enzyme are often upregulated. The genotype Mp313E
had the highest expression levels of the gene PepM50 in response to A. flavus, which
could be explained by the missense mutations found in the sequencing analysis that could
potentially lead to a change in the protein folding and functionality (Figures 4.16 and
4.17). Two other candidate genes have a role in oxidative stress, P.ADH and Unc.P
(Table 4.2). The tested genotypes showed an expression for these genes contrary of the
one described for PepM50. Both genes were downregulated in response to wounding and
had no differences in expression under the attack of A. flavus. It is not possible, however,
to rule out these genes as potential markers in breeding because in some other genotypes
with different backgrounds, these genes could have a positive effect in controlling
oxidative stress.
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The gene Sir was selected in this study due to its gene product, the NADdependent protein deacetylase Sirtuin 1 (Table 4.2). This protein has shown to be an
essential regulator during pathogen responses in mammals [217], and a key defense
suppressor used by the fungi Magnaporthe oryzae when colonizing rice [218]. This
candidate gene showed a significant biological upregulation in the resistant genotype
Mp719 in response to fungi (Figure 4.11 B), which might symbolize the positive effect of
this gene in the defense mechanism against A. flavus.
This study selected 17 candidate genes that have shown a significant effect in
response to A. flavus colonization in maize. In addition, it characterized the expression
profile of nine of them. Some of the genes that could not be evaluated in this study should
still be considered in future studies to have its defense mechanism unraveled. The genes
Zm00001d006585, Zm00001d044168, and Zm00001d026175 encode transcription factor
proteins, which symbolizes that their role in the defense mechanism is to control the
expression of stress related genes. The MYB family of transcription factors (which in the
present study is encoded by the gene Zm00001d006585) for example, is well known in
plants to regulate the biosynthesis of secondary metabolites in response to insects and
microorganism attacks [219]. Our preliminary results in gene expression of the selected
candidate genes encourage further in vivo characterization analysis of some of the genes
such as SerThr, CholK, PepM50, ThioRed, and snRNP. These genes showed a significant
response to A. flavus and should have its role in the defense against A. flavus further
investigated, as they could become future targets to integrate commercial maize lines
baseline defense against this fungus.
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CHAPTER V
IDENTIFICATION OF PROTEINS INVOLVED IN THE RESPONSE TO
ASPERGILLUS FLAVUS INOCULATION IN MAIZE KERNELS
ABSTRACT
The colonization of maize (Zea mays) ears by Aspergillus flavus and the
subsequent production of aflatoxins by the fungus poses a serious threat to humans and
livestock health. A total protein differential expression analysis was performed in kernels
from two resistant maize inbred lines, Mp313E and Mp715, and two susceptible maize
inbred lines, B73 and Va35. The experimental designed adopted in this study allowed the
identification of proteins being produced in response to A. flavus inoculation and to
wounding stress. Using an in-gel approach, 131 proteins were differentially expressed,
followed by identification using an LC MS/MS. The most abundant class of proteins
found were storage proteins, stress related proteins, and glycoproteins. Most of the
proteins identified were differentially expressed in the resistant genotypes, and among
these, several stress-related proteins were found. The proteins should have their role in A.
flavus resistance further characterized, as they could potentially be used as breeding
targets for improvement of maize to aflatoxin accumulation resistance.
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INTRODUCTION
The fungus Aspergillus flavus produces aflatoxin, the most dangerous and highly
regulated mycotoxin in the world. Intoxication in humans and livestock can happen by
ingestion of contaminated food and feed, which can lead to several detrimental health
consequences, including liver cirrhosis and cancer, immunosuppression, reduction of
efficient food use with consequent decrease in growth rates, and immediate death,
depending on the ingested dose [8]. One of the major sources of aflatoxin exposure in
humans and livestock is food and feed derived from contaminated maize [3]. Thus, in the
last half of century, the maize defense mechanisms and interaction with A. flavus have
been extensively studied [14].
Genetic mapping and transcription studies have identified several candidate genes
that could support the supression of A. flavus or the production of aflatoxin in maize
plants [30,31,166,168]. These analyses, however, do not provide detailed insight as to the
end product of these genes, and how they may help to reduce aflatoxin or infection of A.
flavus. Transcript levels do not always correlate to protein expression levels, as degration
can happen at different rates in different individuals in all steps from transcription to the
final activity of the protein [220]. Thus, a differential abundance profile of proteins offers
complementary information to the genomic and transcriptomic evaluation of candidate
genes.
Maize kernels are the most affected tissue to A. flavus colonization since it serves
as a strong energy source for the fungus. A previous proteomics study conducted on
maize rachis tissue showed major differences in the proteins profile of resistance and
susceptible maize lines response to A. flavus [170]. In general, it was observed that
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resistant lines had much higher levels of defense proteins and started the response process
much faster after the fungus inoculation than susceptible lines. Thus, the objective of this
study was to evaluate the different profile protein abundance of maize kernels in response
to wounding and A. flavus inoculation.

MATERIAL AND METHODS
Plant tissue and treatments
The plant material and inoculation method used in this research was kindly
provided by Dr. Erik Mylroie. The maize germplasm chosen for this research included
two aflatoxin accumulation resistant lines (Mp313E and Mp719 for 2-D-DIGE; and
Mp313E and Mp715 for 2-DE differential gel analysis) and two susceptible lines (B73
and Va35). Each line was grown in a randomized complete block design with three
biological replicates in the experimental field of Mississippi State University R. R. Foil
Plant Science Research Center in the summer of 2014.
Eighteen days after half of the primary ears showed silk, the kernels were at the
milk stage (R3) [182] and were submitted to inoculation. In each genotype, ears were
randomly selected to receive one of the following treatments: inoculation of conidia from
the toxigenic A. flavus strain NRRL 3357; water-inoculation with double distilled
autoclaved water; or no inoculation (which here will be referred as Uninoculated). For the
DIGE experiment only kernels inoculated with A. flavus and water inoculated with water
were used in the analysis. For 2-DE differential gel analysis, samples from the three
treatments described above were used. From here on, each combination of genotype vs.
treatment will be referred to following the model: genotype-treatment; where treatment
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will be abbreviated to Sp, when sample was inoculated with toxigenic conidia (spore)
from A. flavus strain NRRL 3357; Wt, when sample was water inoculated with double
distilled autoclaved water; and Un, for uninoculated samples.
The A. flavus inoculum for each strain was prepared by growing the fungus on
sterile corn cob grits (size 2040, Grit-O-Cobs, Maumee, Ohio) in 500 mL flasks,
containing 50 g of grits and 100 mL sterile distilled water and incubated at 28°C for 21
days. Conidia were obtained by washing the grits with a mixture of 500 mL of sterile
distilled water and 0.1% Tween 20 (to prevent conidial clumping). The liquid containing
the spores was then filtered through four layers of cheese cloth. Conidial concentration
was calculated using a hemocytometer and the final inoculum concentration was diluted
to 9x107 conidia/mL using sterile distilled water.
Inoculation of corn ears was performed by peeling back the husk and inoculating
the maize kernels with the eye of a size 12 quilting needle (Entaco Limited,
Worchestershire, England, Cat. No. JJ12012) extended 2mm from the base of a pencil
eraser. The needle eye was dipped in the appropriate treatment (inoculum or water) prior
to puncturing the maize kernels. The ears were arranged in a pattern of alternating
inoculated and uninoculated pairs of rows around the entire ear. After inoculation, the
husk was put back around the ear, which was covered with 2 shoot bags and secured in
position with rubber bands. Maize ears were collected 3 days after inoculation (DAI);
inoculated kernels were removed from the ears and flash frozen in liquid nitrogen and
immediately stored at -80 ºC until extraction of proteins.
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Protein Extraction and DIGE Analysis
The total proteins from the harvested kernels were extracted by the method
described for the first time here:

1. Grind tissue in mortar and pestle with Liquid N2 until reduced to a fine powder.
2. Transfer ~200 mg to a 1.5 mL microfuge tube. Store at -80°C until ready to use.
3. Add 0.6 mL of ice‐ cold Grinding buffer (200 mM MOPSO or MOPS, pH 7.0; 2 mM
DTT; 1% (v/v) Tx-100; 0.15 mg/mL Amylase) and 20 μL of Protease Inhibitor Cocktail
to 200 mg of pulverized tissue. Suspend by gently flicking mix. Keep on ice until ready
for tissue grinder.
4. Transfer tissue mixed to Grinding buffer to an ice‐ cold 2 mL Tenbroeck tissue grinder
(VWR, Radnor, PA, Cat. No. 62400-493) using a wide bore pipette tip. Wash the
microfuge with an additional 0.6 mL of Grinding buffer, and transfer to Tenbroeck.
Grind/stroke for 15 minutes. Careful to not introduce foaming or air.
5. Transfer to a fresh, ice-cold 1.5 mL microfuge tube. Spin samples at 1,000 x g, 1
minute, 4°C to pellet debris. Split supernatant between two 1.5 mL microfuge tubes on
ice.
6. Wash the pellet with 0.6 mL ice‐ cold Grinding buffer by resuspending and repelleting at 1,000 x g, 1 minute, 4°C. Add the supernatants to the correspondent tubes
used at the end of step 5.
7. Using wide bore tips, add an equal volume of ice-cold Cushion buffer (200 mM
MOPSO or MOPS, pH 7.0; 2 mM DTT; 1% (w/v) PVPP; 20% Glycerol); mix gently.
Leave on ice for 10 minutes.
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8. Spin at 25K x g, 10 minutes, 4°C to pellet PVPP and any other insoluble matter. Retain
supernatant.
9. Perform protein assays as desired. Extracted proteins can be stored at -80ºC
indefinitely.

The protein extracts were precipitated with 100% TCA overnight, and a pellet was
obtained by centrifugation at 10K x g, 5 min, 4°C. The precipitate pellet was washed 3
times with 80% cold acetone and one time with 100% cold acetone. After last wash,
pellet was air dried at room temperature for 1 hour. Dried pellets were resuspended using
IEF rehydration buffer (7.2 M Urea; 2 M Thiourea; 0.5% (v/v) TX-100; 0.8% (w/v);
0.6% dodecyl maltoside (w/v); 0.6% octyl glucoside (w/v) buffered to pH 8.5 using TrisHCl pH 8.5 to a final concentration of 30 mM). The resuspended protein extracts were
quantified using the Bio-Rad Protein Assay Kit II Bradford assay (Bio-Rad, Hercules,
CA, Cat. No. 5000002) in a FLUOstar Omega microplate reader (BMG LabTech,
Ortenberg, Germany). The amount of amylase used on the extraction process was
discounted of the final concentration of the protein.
Amersham CyDye DIGE Cy2, Cy3, and Cy5 minimum dyes, 5nmol (Amersham,
Little Chalfont, UK, Cat. No. 25801082, 25801083, and 25801085, respectively) were
reconstituted with fresh DMF as proposed by the manufacturer. After reconstitution of
the dyes, the minimum dye approach was used to label 50 µg of protein extract with 400
pmol/µL of corresponding CyDye following instructions provided by the manufacturer.
To allow comparisons between the labelled gels, a pooled sample containing equal
amounts of each one of the 24 samples (2.08 µg) was labelled with Cy2 dye to serve as a
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control sample. Labelled samples were store at -80 ºC in a black 1.5 mL microfuge tube
up to the moment of the first-dimension run. Each analytical gel was therefore, a mixture
of the control sample labelled with Cy2 and a combination of two genotype-treatments
labelled with Cy3 or Cy5 (Table 5.1). Since each sample (genotype-treatment) had three
biological replicates, all combinations were run in three different gels.
To prepare the IEF first dimension mixtures for analytical gels, 10 µL of Cy2
labelled control sample (50 µg), 10 µL Cy3 labelled genotype-treatment sample (50 µg),
and 10 µL Cy5 labelled genotype-treatment sample (50 µg) were pooled together into a
1.5 mL black microfuge tube (Table 5.1). To bring up the final volume necessary for the
rehydration of the strip (from Bio-Rad 17 cm IPG ReadyStrip, pH 3-10, Hercules, CA,
Cat. No. 163-2007), 300 µL of IEF buffer plus 1.2% of pharmalyte pH range 3-10 (Sigma
Aldrich, St. Louis, MO, Cat. No. P1522-25ML) was added to the mixture containing the
3 labelled samples. Samples for the two preparative gels were composed of: a pool of all
resistant samples (genotype-treatment) to form a 1 mg of unlabeled protein (Mp313E and
Mp719, 83.3 µg of each), which was complemented with IEF rehydration buffer to a final
volume of 330 µL; and a pool of all susceptible samples (genotype-treatment) to form a 1
mg of unlabeled protein (B73 and Va35, 83.3 µg of each), which was complemented with
IEF rehydration buffer to a final volume of 330 µL.
The rehydration of the IEF strips was carried gel side-down in a dark leveled
drawer, at room temperature, for 12 hours, using a i12 18 cm rehydration tray (Bio-Rad,
Hercules, CA, Cat. No. 165-4041). To avoid evaporation of the sample the strip was
generously covered with mineral oil. After the rehydration period, the strips were loaded
side-up in the focusing tray of the Protean i12 IEF system (Bio-Rad, Hercules, CA). The
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focusing was performed at room temperature with constant current of 50 µA, and an
initial voltage of 250 V with a rapid gradient for 30 min, followed by a gradual increment
up to 10,000 V for 2 hours, and focused at 10,000 V with a rapid gradient for 50,000
VHrs.
Before the second dimension was run, focused IEF strips were soaked for 20 min
in 1X Laemmli buffer. Strips were loaded on top of hand-casted polyacrylamide gels
composed of a 3.75% stacking gel and a 13.5% separation gel, with dimensions of 18 x
20 x 0.1 cm in a low-fluorescence glass cassette. The second-dimension run was carried
out with the Protean II xi Cell (Bio-Rad, Hercules, CA) at 300 V, room temperature, until
dye from Laemmli Buffer ran off the gel cassette. The gels were run in 1X SDS-PAGE
running buffer.
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Table 5.1

Experimental design for 2D-DIGE analysis to compare maize kernels
inoculated with A. flavus toxigenic strain NRRL 3357 conidia (Sp) to
kernels water inoculated with autoclaved double distilled water (Wt).

Gel
No.

Cy2 Dye

Cy3 Dye

Cy5 Dye

Gel
No.

Cy2 Dye

1

Control

B73-Wt.1

B73-Sp.1

13

Control

2

Control

B73-Wt.2

B73-Sp.2

14

Control

3

Control

B73-Wt.3

B73-Sp.3

15

Control

4

Control

B73-Sp.1

16

Control

5

Control

B73-Sp.2

17

Control

6

Control

B73-Sp.3

18

Control

7

Control

B73-Wt.1

19

Control

Va35-Wt.1

8

Control

B73-Wt.2

20

Control

Va35-Wt.2

9

Control

B73-Wt.3

21

Control

Va35-Wt.3

10

Control

22

Control

Va35-Sp.1

11

Control

23

Control

Va35-Sp.2

12

Control

24

Control

Va35-Sp.3

Mp313EWt.1
Mp313EWt.2
Mp313EWt.3
Mp313ESp.1
Mp313ESp.2
Mp313ESp.3

Mp313ESp.1
Mp313ESp.2
Mp313ESp.3

Mp313EWt.1
Mp313EWt.2
Mp313EWt.3

Cy3 Dye

Cy5 Dye

Mp719Wt.1
Mp719Wt.2
Mp719Wt.3
Mp719Sp.1
Mp719Sp.2
Mp719Sp.3

Mp719Sp.1
Mp719Sp.2
Mp719Sp.3
Va35Sp.1
Va35Sp.2
Va35Sp.3
Mp719Wt.1
Mp719Wt.2
Mp719Wt.3
Va35Wt.1
Va35Wt.2
Va35Wt.3

Control samples constitute of a pool of all the samples used in this experiment labelled
with CyDye2. Numbers “1; 2; and 3” in each sample represent biological replicates of the
genotype-treatment combination.

Immediately after running, analytical gels were scanned on a Typhoon 9410
imager (Amershan Biosciencis, Piscataway, NJ). Each dye used to label the proteins on
the analytical gels were scanned through a different channel on the Typhoon. The dyes
were excited/emitted at wavelengths of 488 nm/520 nm for Cy2; 532 nm/580 nm for
Cy3; and 633 nm/670 nm for Cy5. The preparative gel was stained with SYPRO Ruby
(Invitrogen, Carlsbad, CA, Cat. No. S12000) according to manufacturer’s instructions
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prior to scanning on the Typhoon. The SYPRO Ruby gels were excited at a wavelength
of 530 nm and emitted a wavelength of 625 nm on the Typhoon. All the gels images were
acquired at 100 µm resolution.
Images obtained from the Typhoon were analyzed using the DeCyder Differential
Analysis Software version 5.0 (Amershan Biosciencis, Piscataway, NJ). First, the spots
on each image were detected and quantitated using the Differential In-Gel Analysis
(DIA) software; matches and statistical analysis of multiple sets of images were
performed using the Biological Variation Analysis (BVA) software. Student’s T-test and
two-way ANOVA were used to compare Resistant vs. Susceptible genotypes and Spore
Inoculated vs. Water Inoculated with a Confidence Interval of 99% (p < 0.01).

Protein Extraction and 2-DE Analysis
The total kernel proteins for 2DE analysis were extracted according to the
protocol proposed by Grimplet et al. [221] with modifications described here:

1. Grind plant tissue in a mortar and pestle with liquid nitrogen to produce a fine powder.
Keep the powder frozen.
2. Just before use, prepare extraction buffer (700 mM Sucrose; 500 mM Tris-HCl pH 8.0;
50 mM EDTA; 100 mM KCl; 2% (v/v) β-mercaptoethanol; 2 mM PMSF;
1:1000 Protease Cocktail) and keep it on ice. Add 2 mL of extraction buffer per 1 g of
ground tissue.
3. Invert and vortex until powder appears to go into solution. Add 1% of PVPP and
vortex well. Incubate on ice for 10 min.
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4. Centrifuge at 11,000 x g for 10 minutes, 4°C. Remove supernatant and transfer to a
clean-labelled 15 mL conical centrifuge tube.
5. Add an equal volume of phenol saturated with 1 M Tris, pH 7.9. Vortex for 30
seconds. Incubate the samples for 30 minutes at 250 rpm on a table mixer, room
temperature.
6. Separate the phases by centrifugation at 11,000 x g for 10 minutes, 4°C.
7. Carefully remove the top layer (phenol phase) and transfer to a clean-labelled 15 ml
conical centrifuge tube. Estimate volume of phenol phase.
8. Re-extract phenol phase with an equal volume of extraction buffer. Separate the phases
by centrifugation at 11,000 x g for 10 minutes, 4°C.
9. Transfer top layer to a clean-labelled 15 mL conical centrifuge tube.
10. Precipitate proteins from the phenol phase with 5 volumes of 0.1 M ammonium
acetate in methanol. Vortex for 30 seconds and incubate at -20°C for 6 hours.
11. Aliquot amount needed to perform 3 washes with 0.1 M ammonium acetate in
methanol and add 2% of β-mercaptoethanol. Keep solution on ice.
12. Centrifuge precipitated samples at 11,000 x g for 10 minutes, 4°C. Discard
supernatant.
13. Wash the precipitate pellet with 3 mL 0.1 M ammonium acetate in methanol. Make
sure to break the pellet completely. Let sample sit on ice for 5 min. Centrifuge
precipitated samples at 11,000 x g for 10 minutes, 4°C. Discard supernatant.
14. Repeat wash (step 13) twice. (Total of 3 washes with 0.1 M ammonium acetate in
methanol).
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15. Aliquot amount needed to perform 3 washes with 80% acetone and add 2% of βmercaptoethanol. Keep solution on ice.
16. Wash the precipitate pellet with 80% Acetone. Make sure to break the pellet
completely. Let sample sit on ice for 5 min. Centrifuge precipitated samples at 11,000 x g
for 10 minutes, 4°C. Discard supernatant.
17. Repeat wash (step 16) twice. (Total of 3 washes with 80% Acetone).
18. Wash the precipitate pellet 1 time with 1 mL of cold 100% acetone and 2% βmercaptoethanol (20 µL). Break the pellet completely. Let sample sit on ice for 5 min.
Aliquot in 1.5 mL Eppendorf tubes. Centrifuge at 25,000 x g for 5 minutes, 4°C.
19. Air dry pellets for 5 min. Store dried pellets at -20°C until ready to use.

Dried pellets were resuspended in ReadyPrep 2D Stater Kit Rehydration/Sample
Buffer (Bio-Rad, Hercules, CA, Cat. No. 163-2106). After pellets were completely
dissolved, the protein was quantified using the RC DC Protein Assay Kit II (Bio-Rad,
Hercules, CA, Cat. No. 5000122).
To prepare for the IEF first dimension, 400 ng of protein was mixed with
rehydration/sample buffer to a total volume of 220 µL. ReadyStrip IPG Non-Linear pH
3-10 11 cm (Bio-Rad, Hercules, CA, Cat. No. 163-2016) strips were used for the first
dimension, which was carried gel side-down for 12 hours, at 23ºC, using the Protean i12
IEF system (Bio-Rad, Hercules, CA). Automatically after rehydration, the strips were
focused at 23ºC with constant current of 50 µA, and an initial voltage of 250 V with a
rapid gradient for 20 min, followed by a gradual increment up to 8,000 V for 1 hour, and
focused at 8,000 V at a rapid gradient for 26,000 VHrs.
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Before the second dimension separation, focused IEF strips were equilibrated for
10 min with SDS-PAGE equilibration buffer with DTT (6 M urea, 0.375 M Tris-HCl, pH
8.8, 2% SDS, 20% glycerol, 2% (w/v) DTT), quickly rinsed with deionized water and
equilibrated for an addition 10 min with SDS-PAGE equilibration buffer with
iodoacetamide (6 M urea, 0.375 M Tris-HCl, pH 8.8, 2% SDS, 20% glycerol, 2.5%
iodoacetamide). After a quick rinse with deionized water, the strips were soaked for 10
min in 1X Laemmli buffer. Strips were loaded on top of hand-casted polyacrylamide gels
composed of a 3.75% stacking gel and a 13.5% separation gel, with dimensions of 13 x
16 x 0.1 cm in a glass cassette. The second-dimension run was carried out with the
Protean II xi Cell (Bio-Rad, Hercules, CA) at 300 V, room temperature, until dye from
Laemmli Buffer ran off the gel cassette. The gels were run in 1X SDS-PAGE running
buffer.
Gels were stained overnight with 0.3% Coomassie Blue R-250 and destained for 8
hours with destain solution composed of 40% of ethanol, 10% of acetic acid, and 40% of
water. After destaining was complete, the gels were soaked in water for 1 hour before
their image was acquired using the Proteome Works Plus Spot Cutter (Bio-Rad, Hercules,
CA). The gel images were analyzed using the software PDQuest, version 7.2.0 (Bio-Rad,
Hercules, CA). Student’s T-test with a confidence interval of 95% (p < 0.05) was used to
compare the expression differences in the protein spots in each treatment among the
genotypes (Sp X genotype; Wt X genotype; Un X genotype); in A. flavus inoculation
response (example: B73-Sp X B73-Wt); and in wounding response (example: B73-Wt X
B73-Un).
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Protein Spot Picking and identification
The selected protein spots were picked, digested, and identified at the Institute for
Genomics, Biocomputing & Biotechnology (Mississippi State University, MS). Protein
spots that had at least a 1.5-fold differential expression at p < 0.01 from DIGE analysis
were excised from the preparative gel by the automatic Spot Picker (Amersham
Biosciences, Piscataway, NJ). For the 2-DE analysis, spots that were at least 2-fold
differentially expressed at p < 0.05 were picked from the gels using the Proteome Works
Plus Spot Cutter (Bio-Rad, Hercules, CA).
In each analysis, the spots from were collected into individual wells in a 96-well
plate format and submitted to automated in-gel digestion using the robotic digester
ProPrep (Genomics Solutions, Ann Arbor, MI). Spectra data from the selected spots
(from the DIGE experiment) were identified using the ABI 4700 MALDI TOF TOF
Mass Spectrometer (Applied Biosystems). Using the NCBI Zea mays database [206] as a
reference, spectra data collected was identified using the algorithm MASCOT in the ABI
GPS Explorer software, version 3.5 (Applied Biosystems). The spectra data for the spots
from the 2-DE analysis were collected using the LTQ Orbritap Velos Hybrid FT Mass
Spectrometer (Thermo Scientific, Waltham, MA). The collected MS/MS spectra were
searched against the UniProt database for Zea mays as of July, 2018 [222] using the
software Thermo Proteome Discoverer (Thermo Scientific, Waltham, MA), with the
algorithm SEQUEST (Appendix F).
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Gene annotation and protein function
The genes linked to the identified proteins in the 2-DE analysis were found by
searching the UniProt accession number for the discovered proteins in the online UniProt
database (https://www.uniprot.org/). The associated gene ID and gene annotation
information for each protein was then found in the online database Gramene [186] using
the reference genome sequence B73 RefGen_v4 (AGPv4) [200].

RESULTS
Protein Identification by DIGE
The gel images for the DIGE experiment were analyzed using the software
package DeCyder Differential Analysis Software version 5.0 (Amershan Biosciencis,
Piscataway, NJ). A seed value of 2500 was used to perform the initial detection of spots
in the analyzed gels, which produced on average an identification of approximately 2300
total spots per gel. After applying the exclusion filter (Slope > 1.1, Area < 250, Peak
Height < 1000, Volume < 6 x 105) each gel had an average of 800 spots that were
included in the comparison analysis. Gel no. 13 (Mp719-Wt.1 X Mp719-Sp.1) (Table
5.1) was chosen to be the master gel to which every other gel would be aligned and
matched. This gel had the highest number of spots included in the analysis (976) and its
spots appeared to represent accurately most of the spots observed across most of the other
gels.
The experimental design used for the DIGE experiment allows the comparison of
the differential protein patterns of susceptible vs. resistant (B73 vs. Mp313E and. Mp719;
and Va35 vs. Mp313E and Mp719), between susceptible lines (B73 vs. Va35), between
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resistant lines (Mp313E vs. Mp719), and each line’s individual response to A. flavus
inoculation (water vs. inoculated). A total of 269 spots were selected for mass spectra
identification. Unfortunately, the amount of protein per spot was not sufficient to perform
protein identification using fragmented (MS/MS) spectra data and proteins were only
identified using peptide mass fingerprinting (MS). The identified spots had a low protein
confidence interval percentage with few spots above the minimum accepted of 95%.
Thus, because the results lack confidence, the experiment was repeated using 2-DE gel
comparison.

Protein Identification by 2-DE
The analysis of gel images for the 2-DE experiment was performed using the
software PDQuest, version 7.2.0 (Bio-Rad, Hercules, CA). The spots identified were
selected if they showed statistical significance (at p < 0.05) and a fold change in
abundance of at least 2-fold. The comparison analyses were divided into 11 sets. Each
genotype was analyzed by two different sets: one comparing the abundance of spore
inoculated samples (Sp) versus water inoculated sample with water (Wt) (example: B73Sp X B73-Wt); and another one comparing Wt samples to uninoculated samples (Un)
(example: B73-Wt X B73-Un). Another three sets of tests were used to compare the
differential abundance across all genotypes within each treatment (example: B73-Sp X
Va35-Sp X Mp313E-Sp X Mp715-Sp).
A total of 119 spots were submitted for identification using LC MS/MS and the
spectra data revealed 139 proteins (Table 5.2). Six of the submitted spots had no matches
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in the UniProt database used, and one protein has not yet been characterized in the
current literature (Table 5.2).
Six protein spots were selected for identification with the Mass Spectrometer
from the analysis set that evaluated the differential abundance between B73-Sp X B73Wt (Figure 5.2 A). Three of the proteins identified were upregulated at least 2-fold after
inoculation with A. flavus (spots 6107, 7303, and 7906) (Figure 5.2 B and C). Two of
those spots (spots 7303 and 7906) matched to the same protein, Oil body-associated
protein 2A, and the third spot (6107) was identified as a Ubiquitin-conjugating enzyme
E2 variant 1C (Table 5.2). Three isoforms of the protein Legumin 1 were found in this
analysis set, two of which were downregulated in response to the infection of A. flavus
(spot 5706, 3-fold; and spot 6701, 8-fold), and the third isoform was found only on the
kernels that had been water inoculated with water (spot 4004) (Figure 5.2 B and C, Table
5.2). None of the selected spots identified for the analysis set B73-Sp X B73-Wt showed
difference in abundance when comparing B73-Wt X B73-Un (data not shown).
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Figure 5.1

Selected protein spots for LC-MS/MS identification from the analysis set
B73-Sp X B73-Wt for all spots with a FC ≥ 2 (p<0.05). A. Master gel of
the differential abundance analysis of total maize kernels proteins from the
susceptible genotype B73 inoculated with Aspergillus flavus spores (Sp)
versus water inoculated with double distilled autoclaved water (Wt). B.
Average optical density (O.D) quantities for each protein spot. C. Protein
abundance fold change (FC). Green circles represent proteins that were
expressed higher in Sp treated kernels, and blue circles proteins that were
expressed higher on Wt treated kernels.

All Master gel images are composed of all the gels used in the analysis set.
Four differentially expressed spots where selected from the analysis set B73-Sp X
B73-Wt (Figure 5.3 A). Except for spot 6507, a sorbitol dehydrogenase (Table 5.2), the
other three identified spots (204, 3503, and 5902) were more abundant in the
uninoculated kernels (Figure 5.3 B and C). Two different proteins were identified from
the spot 3503, Serpin-Z1 and the transcription factor Pur-alpha 1 (Table 5.2). Two
paralogous genes encoding the chaperone protein T-complex were identified from the
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spot 5902. A cAMP-regulated phosphoprotein 19-related protein was identified in the Un
samples (spot 204) but was not found in the Wt and Sp treated kernels (data not shown).

Figure 5.2

Selected protein spots for LC-MS/MS identification from the analysis set
B73-Wt X B73-Un for all spots with a FC ≥ 2 (p<0.05). A. Master gel of
the differential abundance analysis of total maize kernels proteins from the
susceptible genotype B73 water inoculated with double distilled autoclaved
water (Wt) versus uninoculated (Un). B. Average optical density (O.D)
quantities for each protein spot. C. Protein abundance fold change (FC).
Blue circles represent proteins that were expressed higher in Wt treated
kernels, and orange circles proteins that were expressed higher on Un
kernels.

In the comparison of Va35-sp X Va35-Wt, eight protein spots were
downregulated in response to A. flavus, two spots were only present in Wt samples, and
another two were only found in Sp samples (Figure 5.3 B). None of the proteins that were
downregulated in this comparison set (spots 2102, 3405, 4403, 6101, 6801, 7204, 7702,
and 7901) had a difference in abundance between Wt/Un samples, which shows the
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negative effect played by A. flavus on these proteins (data not shown). Among these
proteins, two of them have stress related functions: spot 4403 is a cold shock protein 2
and spot 7204 is a salt stress-induced protein (spot 7204) (Table 5.2). One of the spots
unique to water (spot 2211) was not identified since the spectra data for the spot showed
no matches to the UniProt database (Figure 5.4 A and B).

Figure 5.3

Selected protein spots for LC-MS/MS identification from the analysis set
Va35-Sp X Va35-Wt for all spots with a FC ≥ 2 (p<0.05). A. Master gel of
the differential abundance analysis of total maize kernels proteins from the
susceptible genotype Va35 inoculated with Aspergillus flavus spores (Sp)
versus water inoculated with double distilled autoclaved water (Wt). B.
Average optical density (O.D) quantities for each protein spot. C. Protein
abundance fold change (FC). Green circles represent proteins that were
expressed higher in Sp treated kernels, and blue circles proteins that were
expressed higher on Wt treated kernels.

Only two proteins were selected from the analysis set Va35-Wt X Va35-Un. One
of these proteins was also found in the analysis set Va35-Sp X Va35-Wt (spot 3405).
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This spot was identified as the triose phosphate isomerase (Table 5.2), which was
upregulated 2-fold in response to wounding (Figure 5.4 C) but when the kernels were
exposed to A. flavus the same enzyme was downregulated 2-fold (Figure 5.5 C). The
other identified spot in the Va35-Wt X Va35-Un analysis set was a glycoprotein (Table
5.2), which was downregulated in response to wounding (Wt/Un FC = -2) (Figure 5.5 C)
but showed no difference in abundance in response to A. flavus (data not shown).

Figure 5.4

Selected protein spots for LC-MS/MS identification from the analysis set
Va35-Wt X Va35-Un for all spots with a FC ≥ 2 (p<0.05). A. Master gel of
the differential abundance analysis of total maize kernels proteins from the
susceptible genotype Va35 water inoculated with double distilled
autoclaved water (Wt) versus uninoculated (Un). B. Average optical
density (O.D) quantities for each protein spot. C. Protein abundance fold
change (FC). Blue circles represent proteins that were expressed higher in
Wt treated kernels, and orange circles proteins that were expressed higher
on Un kernels.
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Most of the proteins identified from the analysis set Mp313-Sp X Mp313E-Wt
were downregulated when kernels were exposed to A. flavus (Figure 5.6 C). Two
isoforms of a heat shock related protein (spots 902 and 1903) were upregulated in
response to A. flavus (Figure 5.6 C). Isoforms of the protein Legumin were also found in
this analysis set, and as observed in the analysis set B73-Sp X B73-Wt, they were also
downregulated in the genotype Mp313E in response to A. flavus infection (Figure 5.6 C).
An antifungal zeamatin protein was downregulation in the kernels inoculated with A.
flavus (spot 9202) (Figure 5.6 C). This same protein showed no significant difference in
the analysis set that compared Un to Wt kernel samples (data not shown).
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Figure 5.5

Selected protein spots for LC-MS/MS identification from the analysis set
Mp313E-Sp X Mp313E-Wt for all spots with a FC ≥ 2 (p<0.05). A. Master
gel of the differential abundance analysis of total maize kernels proteins
from the susceptible genotype Mp313E inoculated with Aspergillus flavus
spores (Sp) versus water inoculated with double distilled autoclaved water
(Wt). B. Average optical density (O.D) quantities for each protein spot. C.
Protein abundance fold change (FC). Green circles represent proteins that
were expressed higher in Sp treated kernels, and blue circles proteins that
were expressed higher on Wt treated kernels.

A total of 38 proteins were selected for identification in the analysis set Mp313EWt X Mp313E-Un. Thirty-two proteins were differentially abundant, four were unique to
Wt kernels, and two were unique to Un samples (Figure 5.7). No matches were found for
three spots in this analysis set, spots 6, and 3602 (Figure 5.7 A, Table 5.2).
The two unique identified spots on Un kernels (spots 7305 and 7308; Figure 5.6
B) were isoforms of an antioxidant protein, 1-Cys peroxiredoxin (Table 5.2). One of the
heat shock proteins identified from the analysis set Mp313-Sp X Mp313E-Wt (spot 902)
was also significant (p < 0.05) in the set Mp313E-Wt X Mp313E-Un (spot 902) but with
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a downregulation of 2-fold (Figure 5.7 C). The other heat shock protein identified from
Mp313-Sp X Mp313E-Wt (spot 1903) had no significant difference in abundance
between Wt and Un kernels (data not shown). Two paralogues of the chaperone protein
Hsp70-Hsp90 were identified from spot 6903. These proteins were downregulated in
response to wounding (Figure 5.7 C) and conserved the same level of abundance in
response to A. flavus inoculation (data not shown). Two isoforms of the protein gamma
Zein were drastically reduced in response to wounding (spots 7715 and 7716) (Figure 5.7
C). Other proteins that showed a great fold change was a hydroxyproline rich
glycoprotein (spot 4205, FC = -10.7), and a Ran GTP binding protein (FC = 6.7).
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Figure 5.6

Selected protein spots for LC-MS/MS identification from the analysis set
Mp313E-Wt X Mp313E-Un for all spots with a FC ≥ 2 (p<0.05). A. Master
gel of the differential abundance analysis of total maize kernels proteins
from the susceptible genotype Mp313E water inoculated with double
distilled autoclaved water (Wt) versus uninoculated (Un). B. Average
optical density (O.D) quantities for each protein spot. C. Protein abundance
fold change (FC). Blue circles represent proteins that were expressed
higher in Wt treated kernels, and orange circles proteins that were
expressed higher on Un kernels.

Eight spots were differentially expressed between Mp715 Sp and Wt kernels, and
six were unique to only the Sp inoculated kernels (Figure 5.8 A and B). All the spots that
were differentially expressed between Sp and Wt kernels were downregulated in response
to A. flavus (Figure 5.8 C). The spots 1105 and 7006 were isoforms of a putative aldolase,
and the spots 5505 and 7302 were isoforms of a gamma zein protein (Table 5.2). Three
different proteins were identified for spot 4801, a glucosyl transferase, an amino acid
hydrolase, and a probable oxidase (Table 5.2).
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Figure 5.7

Selected protein spots for LC-MS/MS identification from the analysis set
Mp715-Sp X Mp715-Wt for all spots with a FC ≥ 2 (p<0.05). A. Master
gel of the differential abundance analysis of total maize kernels proteins
from the susceptible genotype Mp715 inoculated with Aspergillus flavus
spores (Sp) versus water inoculated with double distilled autoclaved water
(Wt). B. Average optical density (O.D) quantities for each protein spot. C.
Protein abundance fold change (FC). Green circles represent proteins that
were expressed higher in Sp treated kernels, and blue circles proteins that
were expressed higher on Wt treated kernels.

Eight spots were differentially expressed in the analysis set Mp715-Wt X Mp715Un; one spot was unique to Wt and another one to Un samples (Figure 5.9 A and B).
Except for spot 7610, a hydroxyproline glycoprotein, all other differentially expressed
spots were upregulated in response to wounding (Figure 5.9 C). The same heat shock
protein identified in spot 1903 in the analysis set Mp313E-Sp X Mp313E-Wt was also
identified for spot 1904 in the analysis set Mp715-Sp X Mp715-Wt (Figure 5.8 A). In this
case, however, the opposite pattern observed for Mp313E was found for Mp715. The heat
shock protein was more expressed in response to wounding (Wt/Un FC = 2) (Figure 5.9
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C) and had no significant difference in abundance to A. flavus inoculation (data not
shown). A pathogenesis-related protein was identified from spot 1202 (Table 5.2). This
protein was upregulated in response to wounding (Wt/Un FC = 2) (Figure 5.9 C) and
showed no difference in abundance between Sp/Wt kernels (data not shown). The unique
protein found for the Un samples was a copper transporter (Table 5.2).

Figure 5.8

Selected protein spots for LC-MS/MS identification from the analysis set
Mp715-Wt X Mp715-Un for all spots with a FC ≥ 2 (p<0.05). A. Master
gel of the differential abundance analysis of total maize kernels proteins
from the susceptible genotype Mp715 water inoculated with double
distilled autoclaved water (Wt) versus uninoculated (Un). B. Average
optical density (O.D) quantities for each protein spot. C. Protein abundance
fold change (FC). Blue circles represent proteins that were expressed
higher in Wt treated kernels, and orange circles proteins that were
expressed higher on Un kernels.
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When comparing the response of all genotypes to A. flavus exposure, five proteins
were differentially expressed, and two proteins were unique to resistant genotypes
(Figure 5.10 A and B). A cold shock protein (spot 6702) was highly expressed in the
susceptible genotypes, B73 and Va35 (Figure 5.10 B). Although this protein was also
present in the resistant genotypes, Mp313E and Mp719, the susceptible lines had, on
average, a 4-fold difference in abundance (Figure 5.10 C). The two exclusive proteins
identified in the resistant genotypes were a triose phosphate isomerase (spot 1409) and a
serpin-Z1 (spot 4506) (Figure 5.10 B and Table 5.2).

Figure 5.9

Selected protein spots for identification from the analysis set of all
genotypes inoculated with Aspergillus flavus spores (Sp). A. Master gel of
the differential abundance analysis of total maize kernels proteins from the
two susceptible genotypes, B73 and Va35, and the two resistant genotypes,
MP313E and Mp715, inoculated with Sp B. Average optical density (O.D)
quantities for each protein spot. C. Protein abundance fold change (FC).
Yellow circles represent proteins that were expressed higher in the
susceptible genotypes, and blue circles proteins that were expressed higher
in the resistant genotypes.
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Five proteins were significantly different expressed when comparing all
genotypes’ response to wounding (Wt samples) (Figure 5.11 A and B). The genotype
Mp313E revealed four unique proteins (spots 5406, 7210, and 7306), and one missing
(spot 6406), when comparing to other genotype’s response to wounding (Figure 5.11 B).
The unique proteins were identified as isoforms of a legumin and a glycoprotein, and the
protein missing was an isoform of a peroxiredoxin (Table 5.2). A serine
hydroxymethyltransferase (spot 7809) was highly expressed in the susceptible genotypes
(Figure 5.11 B). This same protein was also found to be differentially expressed
(upregulated) in the genotype Mp313E in response to wounding (spot 8803) (Figure 5.6
C). A transferase responsible for cell detoxification (glutathione S-transferase) (spot
5407) was found in all genotypes, however, Mp313E showed the highest levels of this
protein in the Wt kernels (Figure 5.11 B). The spectra results from the proteins for spots
2608, 3804, and 6219 were not identified (Table 5.2).
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Figure 5.10

Selected protein spots for identification from the analysis set of all
genotypes water inoculated with autoclaved double distilled water (Wt). A.
Master gel of the differential abundance analysis of total maize kernels
proteins from the two susceptible genotypes, B73 and Va35, and the two
resistant genotypes, MP313E and Mp715, inoculated with Wt B. Average
optical density (O.D) quantities for each protein spot. C. Protein abundance
fold change (FC). Yellow circles represent proteins that were expressed
higher in the susceptible genotypes, and blue circles proteins that were
expressed higher in the resistant genotypes.

The genotype Mp313E showed the abundance of a protein related to abscisic acid
stress response (spot 7106) in the Un samples (Figure 5.12 A and B). This same protein
was also found in other genotypes in the Wt and in Sp kernels, but no significant
difference in abundance was found among the genotypes. An ascorbate peroxidase was
found only in resistant uninoculated genotypes (spot 5410) (Figure 5.12 B). The resistant
genotypes exhibited the same levels of abundance in Wt and Sp kernels; susceptible
genotypes only expressed this protein in response to A. flavus inoculation, with no
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significant difference in the resistant genotypes. A late embryogenesis protein (spot 4108)
was highly expressed in the susceptible genotype Va35, but showed no abundance in the
susceptible B73 line, and similar levels in the resistant line Mp313E and Mp715 (Figure
4.12 B).

Figure 5.11

Selected protein spots for identification from the analysis set of all
genotypes uninoculated (Un). A. Master gel of the differential abundance
analysis of total maize kernels proteins from the two susceptible genotypes,
B73 and Va35, and the two resistant genotypes, MP313E and Mp715,
uninoculated B. Average optical density (O.D) quantities for each protein
spot. C. Protein abundance fold change (FC). Yellow circles represent
proteins that were expressed higher in the susceptible genotypes, and blue
circles proteins that were expressed higher in the resistant genotypes.
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Q946V2

B4FFK9

B4FFK9

A0A1D6KF15

A0A1D6GLS4

6701

7303

7906

204

3503

Q946V2

5706

B6SK03

A0A1D6LHZ4

4004

6107

UniProt Acc.
No.a

013737

030934

043464

043464

035700

053295;
053296

035700

035700

Gene IDb

52.9
27.7
27.7

Legumin 1
Oil body-associated protein 2A
Oil body-associated protein 2A

7.3
44.4

cAMP-regulated phosphoprotein 19related protein
Serpin-Z1

B73-Wt X B73-Un

16.8

52.9

Legumin 1
Ubiquitin-conjugating enzyme E2
variant 1C

32.6

MW
(Da)

Legumin 1

B73-Sp X B73-Wt

Protein name

5.7

5.1

7.4

7.4

6.8

6.9

6.8

6.9

pIc

4

12

1

26

49

6

50

10

6.0

23.5

4.8

26.6

28.2

23.7

26.5

13.6

↓

(Un)

↑

↑

↓

↑

↓

(Wt)

No. Pep.
% Seq.
FC/
Matchedd Coveraged (Unique)e

List of the identified proteins that were differentially expressed in the resistant maize inbred lines, Mp313E and
Mp715, and maize susceptible inbred lines, B73 and Va35 using 2-DE gels analysis. Proteins are clustered according
to the described analysis set where proteins showed differences in abundance at a p value < 0.05 and at least 2 foldschange in abundance.

Spot
No.

Table 5.2
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A0A1D6JSN3

A0A1D6QQ17

A0A1D6KL30

P01088

K7UGF5

5902

5902

6507

2102

2102

A0A1D6FEA7

B6T1D2

C0PLI2

B4FFV3

P01088

3405

4403

4403

4601

6101

2211

B4FYX0

3503

Table 5.2 (Continued)

005230

050409

053908

032775

008619

051001

005230

031727

053553

028183

040314
55.9
55.9
39.0

T-complex protein 1 subunit gamma
T-complex protein 1 subunit gamma
Sorbitol dehydrogenase

31.883

Glyceraldehyde-3-phosphate
dehydrogenase

17.762
23.212
23.509
41.591
16.291

Triose phosphate isomerase3
Eukaryotic translation initiation factor
isoform 4E
Cold shock protein 2
Malate dehydrogenase
Corn-activated Hageman factor
inhibitor1

No matches available on UniProt database

16.291

Corn-activated Hageman factor
inhibitor1

Va35-Sp X Va35-Wt

33.5

Transcription factor Pur-alpha 1

7.8

8.1

6.4

6.4

4.9

7.5

7.8

6.7

5.7

5.8

6.1

1

5

16

6

19

3

6

40

35

35

4

6.5

3.3

25.7

6.7

32.1

9.2

16.3

34.2

21.8

21.8

10.7

↓

(Wt)

↓

↓

↓

(Wt)

↓

↓

↑

↓

↓

↓
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A0A1D6MUF2

B4F848

K7VW90

1308

1903

A0A1D6NB06

8711

902

C0P381

7901

B4FUK7

C0P381

7702

7603

K7UY19

7512

A0A1D6MLF7

A0A1D6ITS1

7204

3405

A0A1D6NHZ8

6801

Table 5.2 (Continued)

010529

045025

041119

022421

039865

043382

020591

020591

008491

023516

044129
13.445
41.705
35.983
35.983
41.545

Salt stress-induced protein
Fructose-bisphosphate aldolase
50kD gamma zein
50kD gamma zein
Glutamate-oxaloacetate transaminase1

37.9

Hydroxyproline-rich glycoprotein family
protein

66.2
25.7
70.9

Heat shock 70 kDa protein 6
chloroplastic
20 kDa chaperonin chloroplastic
Probable mediator of RNA polymerase
II transcription subunit 37c

Mp313E-Sp X Mp313E-Wt

16.122

Triose phosphate isomerase4

Va35-Wt X Va35-Un

52.758

Glucose-1-phosphate
adenylyltransferase large subunit

5.3

8.5

5.0

7.2

5.1

8.2

7.0

7.0

8.8

8.8

6.0

36

10

32

22

24

13

5

39

2

17

14

18.2

17.1

23.6

23.2

41.8

9.0

9.4

20.1

7.5

27.6

19.0

↑

↑

↑

↓

↑

(Wt)

↓

↓

(Sp)

↓

↓
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Q946V2

B4FY73

Q946V2

A0A1D6F4K1

K7V044

6203

6607

7205

7301

Q84TL6

5504

5605

A0A1D6LI01

5303

B4FTQ1

Q41768

4805

5603

B4G0K4

3708

Q5EUD6

B7ZZ42

1903

5504

C4J410

1903

Table 5.2 (Continued)

011474

007187

035700

040519

035700

024908

037590

035597

035700

050567

015376

041550

012420

52.947
22.807
52.947
21.4
25.158

Germin-like protein subfamily 2
member 1
Legumin 1
Hydroxyproline-rich glycoprotein family
protein
Ran GTP binding protein

38.1

RmlC-like cupins superfamily protein

Legumin 1

27.2

Legumin 1

36.932

68.9

Acetolactate synthase1

Arginase 1 mitochondrial

42.413

Phosphoglycerate kinase

40

71.1

Heat shock 70 kDa protein 3

Protein disulfide isomerase7

70.8

Heat shock 70 kDa protein

7.1

10.7

6.8

7.1

6.8

6.4

6.7

6.7

8.3

7.2

5.9

5.2

5.2

22

7

15

10

10

25

7

7

11

8

53

34

40

24.9

18.9

12.4

28.0

7.3

14.1

10.1

6.3

20.1

9.1

36.3

23.1

22.1

↓

↓

↓

↓

↓

↓

↓

↓

↓

↑

↑

↑

↑
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B4G0K4

A0A1D6NHS4

P33679

B7ZY29

A0A1D6L7G1

8102

8409

9202

9302

9403

A0A1D6IZQ8

A0A1D6ECS1

B6TIJ7

A0A1D6MUF2

C0P6A0

7

503

503

902

1604

6

K7UDN3

7302
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045911

041119

011353

003974

024518

038840

006896

021901

044103

015376

053249
42.413
19.765
23.983
26.354
25.877

Phosphoglycerate kinase
Adenylate kinase 4
Antifungal zeamatin protein
GLABRA2 expression modulator
Voltage-dependent anion channel
protein2

11.842
13.793
24.55
66.2
40.491

Acyl-CoA-binding protein1
Phosphoenolpyruvate carboxylase
family protein
Vacuolar protein sorting-associated
protein 32 homolog 1
Heat shock 70 kDa protein 6
chloroplastic
Uncharacterized conserved protein
(UCP030210)

No matches available on UniProt database

Mp313E-Wt X Mp313E-Un

23.236

Germin-like protein subfamily 1
member 8

5.2

5.0

4.9

5.1

4.9

7.5

6.9

7.6

8.1

5.9

7.4

2

11

7

4

4

2

3

15

7

53

1

7.1

5.5

21.6

18.0

18.9

14.3

5.8

24.2

28.9

36.3

3.7

↑

↓

↓

↓

↑

↓

↓

↓

↓

↓

↑

↓
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B6SXW8

A0A1D6PSC4

C0PJK8

A0A1D6Q571

1809

1809

2508

2706

A0A1D6PF22

B4G0K4

A0A1D6F4K1

P46517

C0P381

B4FKM1

3211

3703

4205

4303

5506

5605

3602

A0A1X7YIM9

1809
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009480

020591

053908

007187

015376

047941

051129

040357

049099

034919

000399
61.362
51.132
28.994
41.768

Rubisco large subunit-binding protein
subunit alpha
Protein disulfide isomerase1
Pre-mRNA-splicing factor SPF27
homolog
Succinate--CoA ligase [ADP-forming]
subunit beta mitochondrial

40.136
42.413
21.4
9.6778
35.983
36.214

26S proteasome non-ATPase regulatory
subunit 4
Phosphoglycerate kinase
Hydroxyproline-rich glycoprotein family
protein
Cold shock protein 2
50kD gamma zein
Receptor for activated C kinase 1A
(RACK1)

No matches available on UniProt database

60.483

Chloroplast protein synthesis2

6.6

7.0

7.3

10.7

5.9

4.7

6.3

5.9

5.5

5.3

5.1

12

6

7

3

17

20

15

2

21

11

11

17.1

8.8

29.7

5.1

19.9

4.5

18.0

10.2

14.8

8.7

11.2

(Wt)

↓

↓

↓

↑

(Wt)

↑

↑

↓

↑

↑

↑
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B6SKT6

B4FYU6

Q946V2

B4F9U9

C0P381

7308

7402

7707

7707

K7V044

7301

7306

C0PBY7

7106

A2SZW8

C4J4W3

6903

7305

A0A1D6HEP1

6903

B4G0K4

Q946V2

6606

7302

C0P381

6606
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020591

007187

035700

022278

029065

022278

015376

011474

009774

051306

017401

035700

020591

26.07
24.956
52.947
49.3
35.983

1-Cys peroxiredoxin PER1
Legumin 1
Hydroxyproline-rich glycoprotein family
protein
50kD gamma zein

25.158

Ran GTP binding protein

Protein LRP16

25.957

Nucleoside diphosphate kinase

24.89

65.278

Hsp70-Hsp90 organizing protein 3

1-Cys peroxiredoxin PER1

75.027

Hsp70-Hsp90 organizing protein 3

42.413

52.947

Legumin 1

Phosphoglycerate kinase

35.983

50kD gamma zein

7.0

7.0

6.8

6.9

9.1

6.8

5.9

7.1

9.0

6.3

7.9

6.8

7.0

15

30

12

24

2

22

3

20

5

18

29

13

4

14.0

17.0

5.0

31.4

10.0

31.9

7.5

21.3

12.2

11.9

13.2

15.7

9.4

↓

↓

(Wt)

(Un)

↑

(Un)

↓

↑

↑

↓

↓

↑

↑
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B6SMX7

P12863

C0HHU2

B4G0K4

2304

2903

3703

A0A1D6KNU5

8204

1105

A0A1D6F4K1

8201

K7TSD2

K7US39

7802

8803

C0P381

7716

B4FFK9

C0P381

7715

8405

B6TBW4

7707
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015376

043086

039865

039841

049234

043464

032162

007187

009163

020591

020591

037992

21.4
16.029

Hydroxyproline-rich glycoprotein family
protein
Temperature-induced lipocalin-1

17.941
27.008
60.252
42.413

Putative 4-hydroxy-4-methyl-2oxoglutarate aldolase 2
Triose phosphate isomerase4
2,3-bisphosphoglycerate-independent
phosphoglycerate mutase
Phosphoglycerate kinase

Mp715-Sp X Mp715-Wt

57.424

52.621

Dihydrolipoyl dehydrogenase

Serine hydroxymethyltransferase

35.983

50kD gamma zein

27.709

35.983

50kD gamma zein

Oil body-associated protein 2A

43.204

ERBB-3 BINDING PROTEIN 1

5.9

5.8

5.7

5.9

8.6

7.4

8.0

10.7

7.3

7.0

7.0

7.0

41

35

61

5

11

9

5

14

15

30

42

14

28.4

21.2

40.7

14.3

13.7

22.2

18.6

18.9

16.6

20.1

20.1

22.3

↓

↓

↓

(Sp)

↑

↓

↑

(Wt)

↑

↓

↓

↓

151

A0A1D6K1B9

Q09054

B6SMX7

C0P381

P08440

6608

7006

7302

7302

C0P8I4

4902

6608

Q41819

4801

A0A1D6IMI3

B4F987

4801

6504

A0A1D6HWR0

4801

C0P381

Q5EUD7

4601

5505

A0A1D6DW07

3901
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042453

020591

039841

035156

028998

022421

020591

023243

033580

020984

019306

040766

002051

40.6
36.519
17.941
35.983
38.58

Glyceraldehyde-3-phosphate
dehydrogenase
Putative 4-hydroxy-4-methyl-2oxoglutarate aldolase 2
50kD gamma zein
Fructose-bisphosphate aldolase

67.294

2-isopropylmalate synthase 1
chloroplastic

Hydroxyproline-rich glycoprotein family
protein

49.679

Indol-3-ylacetyl glucosyl transferase1

9.9

43.919

Probable sarcosine oxidase

Hydroxyproline-rich glycoprotein family
protein

46.423

IAA-amino acid hydrolase ILR1

35.983

40.098

protein disulfide isomerase6

50kD gamma zein

64.755

D-3-phosphoglycerate dehydrogenase 3
chloroplastic

7.6

7.0

5.9

6.9

7.1

7.2

7.0

7.3

6.1

6.2

6.1

6.2

7.2

7

7

8

44

20

2

11

30

10

23

4

3

15

3.7

9.4

14.3

29.7

26.7

25.3

14.0

20.1

6.8

14.2

8.7

7.1

13.3

(Sp)

(Sp)

(Sp)

↓

↓

(Sp)

(Sp)

↓

↓

↓

↓

(Sp)

↓
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A0A096QXB7

B6SQL3

Q29SB6

Q41764

A0A1D6LJS9

K7UGR2

C4J410

B4FNC9

A0A1D6QUN0

B4F871

P30792

C4IY29

7504

310

1202

1202

1902

1902

1904

2311

2311

2702

2905

4811

Table 5.2 (Continued)

049122

012518

001881

054017

012042

012420

054089

035937

034644

028814

016691

037211

11.34
16.932
15.89
61.813
64.325
70.838
10.924
10.73
41.182
60.582
62.276

Pathogenesis-related protein 10
Actin depolymerizing factor3
Chaperonin 60 subunit beta 2
chloroplastic
Putative TCP-1/cpn60 chaperonin
family protein isoform
Heat shock 70 kDa protein
Small ubiquitin-related modifier 2
Signal peptide peptidase
Protein DJ-1 homolog D
2,3-bisphosphoglycerate-independent
phosphoglycerate mutase
Tetratricopeptide-like helical

38.227

Copper transport protein CCH

Mp715-Wt X Mp715-Un

Annexin1

7.0

5.5

5.6

5.1

5.1

5.2

6.0

5.5

5.7

5.5

4.9

8.0

3

9

14

2

1

48

10

12

6

9

1

24

1.8

13.2

9.3

12.8

23.2

22.2

7.4

6.7

15.8

27.5

11.6

20.0

↑

↑

↑

(Wt)

(Wt)

↑

↑

↑

↑

↑

(Un)

↓
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B4FUK7

K7UUB0

B6THR9

A0A1D6MPD2

A0A1D6LDS7

A0A1D6LGW0

B4F976

A0A1D6GLS4

C0PLI2

7610

1409

1702

2502

3501

4204

4204

4506

6702

2608

A0A1D6KL30

5709

Table 5.2 (Continued)

053908

013737

028561

035500

035038

039865

026675

008619

022421

031727
37.9

Hydroxyproline-rich glycoprotein family
protein

43.465
33.507
33.507
21.101
17.869
44.4
23.212

Isopropylmalate dehydrogenase3
Triose phosphate isomerase4
Fructokinase-like 1 chloroplastic
Bifunctional bis(5'-adenosyl)triphosphatase/adenylylsulfatase FHIT
17.4 kDa class I heat shock protein
Serpin-Z1
Cold shock protein 2

No matches available on UniProt database

Water

26.7

Triose phosphate isomerase3

Spore

39.017

Sorbitol dehydrogenase

6.4

5.7

7.5

7.7

5.7

9.1

5.6

5.2

7.2

6.7

7

6

14

25

23

4

10

49

65

8

10.4

5.8

16.4

8.1

20.8

7.2

12.0

44.4

35.6

13.4

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

↓

↑
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C0P381

B4FK84

5406

5407

A2SZW8

B4FUK7

A0A1D6K1B9

A0A1D6F4K1

K7TSD2

P46517

6406

7210

7210

7306

7809

4108

6219

A0A1D6LI01

C0HFM6

5406

3804

3802

Table 5.2 (Continued)

Unidentified

049234

007187

028998

022421

022278

042216

020591

035700

043086

61.2

35.983
23.88

50kD gamma zein
Glutathione S-transferase 3

40.6
21.4
57.4

Hydroxyproline-rich glycoprotein family
protein
Hydroxyproline-rich glycoprotein family
protein
Serine hydroxymethyltransferase
Late embryogenesis abundant protein
EMB564

9.6778

37.9

Hydroxyproline-rich glycoprotein family
protein

Uninoculated

24.89

1-Cys peroxiredoxin PER1

No matches available on UniProt database

27.158

Legumin 1

No matches available on UniProt database

2,3-bisphosphoglycerate-independent
phosphoglycerate mutase

7.3

8.6

10.7

7.1

7.2

6.8

6.4

7.0

8.3

6.7

7

38

6

4

7

17

5

12

8

15

29.7

19.4

11.2

6.1

6.8

31.4

13.1

14.0

10.2

13.6

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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C0P4K4

A8IK79

5410

7106

025401

023582

020591

35.983
34.113
11.783

50kD gamma zein
L-ascorbate peroxidase S
chloroplastic/mitochondrial
Abscisic acid stress ripening5
7.2

7.9

7.0

3

13

2

16.4

17.3

9.4

N/A

N/A

N/A

b

Uniprot accession number
Gene ID based on the reference genome B73 AGPv4. “Zm00001d” omitted for space purposes
c
Predicted isoelectric point
d
Number of peptides matched and percentage of the amino acid sequence covered in the identification of the protein by the
software Thermo Proteome Discoverer, algorithm SEQUEST
e
Fold change (FC) direction in response to stress treatment: protein spots with a ↑ were upregulated in response to stress and ↓
were downregulated in response to express; Spots that show notation as (Sp), (Wt), or (Un) were only found in the spore, water, or
uninoculated samples, respectively. FC in response to stress treatment does not apply (N/A) to analysis sets “Spore”, “Water” and
“Uninoculated”

a

C0P381

5206

Table 5.2 (Continued)

DISCUSSION
The identification of differentially expressed protein in maize stressed with A.
flavus has been previously described in the literature for rachis tissue [170] and in vitro
conditions for kernels [18]. The present study, however, presents the identification of
differentially abundant proteins in maize kernels under the attack of A. flavus, the stress
of wounding, and under basal field conditions.
A total of 139 proteins were identified in this study. Seventy-eight (78) were
unique proteins, and 61 were identified in different spots and analysis sets. These 61
proteins can be divided into 23 types of proteins. Ten of these proteins were the exact
same protein identified in different analysis sets or in different places in the gel, which
could be due to post-translation modification. Two proteins were isoforms of the same
gene, 1-Cys peroxiredoxin PER1 and legumin (Table 2). The proteins hydroxyprolinerich glycoprotein and triose phosphate isomerase had 3 and 2 paralogue genes,
respectively, and within these paralogues, different isoforms were identified (Table2).
Two types of storage protein found in this experiment were legumin 1 and 50 kD
gamma zein protein (Table 2). Legumin was only found in the susceptible genotype B73
and the resistant genotype Mp313E; in contrast the gamma zein protein was found in all
genotypes, except for B73. The spots 5706 and 6701 from B73-Sp X B73-Wt; 5605 and
6607 from Mp313E-Sp X Mp313-Wt; and 6606 and 7402 from Mp313E-Wt X Mp313Un, were the same isoform of the protein Legumin (Table 5.2). These proteins, however,
showed different abundance patterns. The legumins from spots 5706 and 6701, were
affected only by the Sp treatment, both these spots were downregulated (Sp/Wt FC = -3
and -8, respectively) in response to A. flavus but showed the same abundance levels
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between water and uninoculated samples (data not shown). Although the spots, 5605 and
6607, also showed a downregulation (Sp/Wt FC = -4.7 and 2.3, respectively) in the
abundance of legumin in the Sp samples (Figure 5.6 C), these same protein spots were
not found in the uninoculated samples of the genotype Mp313E (data not shown). In
contrast, the spots 6606 showed a positive expression due to the wounding stress (Wt/Un
FC = 2.8) (Figure 5.7 C) and no changes in abundance in the comparison Sp/Wt. The
spot, 7402 as not present in the uninoculated samples (Figure 5.7 C) and showed no
changes in abundance due to A. flavus inoculation (data not shown). The legumin isoform
found in the spot 4004 in the analysis B73-Sp X B73-Wt, was a unique in comparison to
the other legumins found (Table 5.2) and it was only present in the Wt sample (Figure 5.2
B).
The protein 50 kD gamma zein protein was detected in the genotypes Va35-Sp X
Va35-Wt (spots 7702 and 7901), Mp313E-Wt X Mp313E-Un (spots 5506, 6606, 7707,
7715, and 7716), and Mp715-Sp X Mp715-Wt (spots 5505 and 7302) (Table 5.2). All of
them were downregulated due the stresses of Wt and Sp inoculation. The only exception
where an upregulation was observed, was for the spot 6606 (Figure 5.7 C), which could
be attribute to the other proteins identified in the same spot and not necessarily to the
Zein protein (Table 5.2).
Storage proteins are the largest portion of the total proteins identified in this study
(Figure 5.1). However, although results showed that the storage proteins, legumin and
gamma zein, were for the most part downregulated in response to both stresses applied
(Sp and Wt inoculation), there is no evidence in the literature that link these proteins with
a direct role in plant defense. The presence of these proteins in the results of the analyses
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performed here is most likely attributable to the changes in the kernel structure due to A.
flavus colonization. Dolezal et al. [168] have shown that mature maize kernels infected
by A. flavus have a reduced size of the zein-filed hard endosperm, which is replaced with
a fragile, friable and starchy endosperm filled with tiny air pockets.
Several enzymes from the glycolysis pathway were found in this experiment:
fructose-biphosphate aldolase, glyceraldehyde-3-phosphate dehydrogenase, triose
phosphate isomerase, and phosphoglycerate kinase (Table 5.2). Fructose-bisphosphate
aldolase, glyceraldehyde-3-phosphate dehydrogenase, and triose phosphate isomerase
were only differentially expressed in the genotypes Va35 and Mp715. Fructosebisphosphate aldolase was only found in the kernels inoculated with Sp in these
genotypes (spot 7512 for Va35, Figure 5.4 B; and spot 7302 Mp715, Figure 5.8 B). The
enzymes glyceraldehyde-3-phosphate dehydrogenase (spot 2102 for Va35, Figure 5.4 C;
and spot 6608 Mp715, Figure 5.8 C) and triose phosphate isomerase (spot 3405 for Va35,
Figure 5.4 C; and spot 2304 Mp715, Figure 5.8 C) were downregulated due to A. flavus
infection (Table 5.2). The expression of the enzyme phosphoglycerate kinase varied in
the resistant lines Mp313E (spots 3708 and 8102, Figure 5.6 C; 3703, and 7302, Figure
5.7 C) and Mp715 (spot 3703, Figure 5.8C) (Table 5.2). The spots 3708 and 3703
correspond to the same position in the Sp and Wt inoculated gels, and in both cases an
upregulation of 2-fold was detected (Sp/Wt and Wt/Un) in response to these stresses
(Figures 5.7 C and 5.8 C). The spot 8102 was also affected by the infection of A. flavus
and were upregulated in during such stress (Sp/Wt FC = 2, Figure 5.7 C) but showed no
difference in the comparison Wt/Un (data not shown); the spot 7203 was downregulated
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after both inoculation treatments (and Sp/Wt FC= -2.1 Figure 5.7 C; and Wt/Un FC=-2,
data not shown).
During an abiotic stress, primary cell metabolism, such as glycolysis, can be
either downregulated to direct energy towards defense responses or upregulated, either to
modulate signal transduction cascades [223] or to allow the plant to grow larger or
stronger and better bear the stress. The results found for the enzymes fructokinase,
glyceraldehyde-3-phosphate dehydrogenase, and phosphoglycerate kinase corroborate
with previous findings in the literature, where these proteins were upregulated upon the
infection of fungi in maize and rice [224,225]. Dolezal et al. [168] suggested that the
upregulation of genes related to the glycolysis pathway might act against the plant, as the
fungus can “trick” the plant to keep producing a free source of carbon that will be used
by the fungus in its growth process.
A well characterized cell wall component, hydroxyproline-rich glycoprotein, was
found differentially expressed in the resistant genotypes Mp313E and Mp715, and the
susceptible line Va35 (Table 5.2). In general, these proteins were downregulated in
response to both wounding and A. flavus inoculation (Table 5.2). This is an interesting
find, because previous studies have shown that mRNA encoding hydroxyproline-rich
glycoproteins tend to accumulate following pathogen attack [226–229] and that they may
play a major role in thickening the cell walls and thus slowing pathogen growth. Our
results, however, suggest that although there might be an overexpression of the genes
associated with the production of hydroxyproline-rich glycoprotein, at the protein level,
they are degrading in response to the pathogen attack (Table 5.2).
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A similar result was found for two germin-like proteins identified in the resistant
genotype Mp313E (Table 5.2). Both proteins were downregulated upon inoculation of A.
flavus (data not shown). These results contradict Wang et al. [230] who used transgenic
Arabidopsis harboring different germin-like genes from peanuts and measured the
expression profile of these gene in response to A. flavus exposure. They observed an
upregulation of germin-like genes due to A. flavus inoculation. Thus, to confirm that
hydroxyproline-rich and germin-like proteins show lower abundance due to A. flavus
attack and not due to suppression of expression at the gene level, analysis at the transcript
level in these maize genotypes would be necessary.
Several proteins that have been previously reported in the literature to be
associated with the response to biotic and abiotic stress were identified in the resistant
maize genotypes used in this experiment (Mp313E and Mp715). For example, the
chaperone protein heat shock 70 kDa (HSP70) (Table 5.2) was upregulated in the
resistant lines upon infection of A. flavus. The accumulation of HSP70 during abiotic
stress is fundamental, and studies have shown that HSP70 chaperones proteins produced
during a stress response, ensuring that they will properly fold and be delivered to their
final destination in the cells [231]. The pathogenesis-related protein 10 is another major
protein in plant defense, and it was identified in the resistant genotype Mp715 (Table
5.2). This protein is part of the innate immune system of plants and its expression in very
important in the response of biotic and abiotic stress [232].
The protein actin depolymerizing factor 3 (ADF3) was upregulated due to
wounding and had similar abundance levels in response to A. flavus in the resistant line
Mp715 (Table 5.2). This same protein was found by Pechanova et al. [170] to be
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accumulated in the rachis tissue of the resistant lines Mp313E and Mp420 after A. flavus
infection. Another recent study has shown that the overexpression of ADF3 helps to
control the infection of insects by transcriptional upregulation of phytoalexins [233].
It has been shown previously in the literature that resistant maize genotypes tend
to have a prompter response to A. flavus [170]. The results presented here corroborate this
hypothesis, as we identified more stress related proteins in the two resistant genotypes
Mp313E and Mp715, than in the susceptible genotypes B73 and Va35. Some of the
proteins identified here also have shown a different abundance pattern than those reported
in the literature at the transcription level. This may imply differential protein stability, or
an ability of the fungus to break down the proteins and demonstrates the need for further
characterization of the role played by these proteins/genes in the defense mechanism
against A. flavus. The identified proteins in this experiment still need to be further
characterized as to their biological roles, such as enzymatic activity or transcriptional
induction of other defense genes. Additionally, the genes encoding the proteins identified
here could be identified on previously published quantitative trait locus (QTL) maps for
A. flavus resistance; co-locating genes may be causing the QTL. After a thorough
investigation in these proteins to confirm an effect in reducing aflatoxin, the encoding
genes can be used to design markers to enhance resistance to A. flavus via marker assisted
selection in commercial maize lines; or modified directly via CRISPR/Cas9 systems.
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CHAPTER VI
SUMMARY
Resistance to aflatoxin accumulation is achieved by the cumulative effect of
several genes, each with a small effect on resistance. Since identification and
measurement of this effect has been difficult to date, this research aimed to a) compile a
list of candidate genes that were previously found to be associated with resistance to the
accumulation of A. flavus in maize and improve their functional annotation; b) measure
expression levels of these candidate genes in resistant and susceptible maize lines in
response to A. flavus; and c) provide a differential abundance profile of total proteins in
maize kernels in response to wounding and A. flavus inoculation, thus identifying new
candidate genes for further study.
To best perform the expression study, reference genes were tested for repeatable
and stable expression under all treatments and in all genotypes (Chapter III). The primers
designed and used for the amplification via RT-qPCR in this study (Actin, Elongation
factor 1-alpha, and Eukaryotic initiation factor 4A-2) can be used to normalize future
studies that also use maize kernels and particularly that have exposed to A. flavus
inoculation or wounding stress. In addition, the primers for the other genes that were not
suitable for use in this study (β-tubulin2, Glyceraldehyde-3-phosphate dehydrogenase,
and TATA-box-binding protein 2), can still be used to test the stability in other maize
tissues or other stress treatments applied to maize kernels, as the expression of this genes
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could prove to be stable and therefore suitable for normalization under these other
circumstances. However, we do not recommend their use for testing expression of genes
following A. flavus inoculation of maize kernels.
Once the normalization genes were chosen, specific primer sets were designed for
17 selected candidate genes. The success of this activity was limited due to the highly
conserved gene sequences of 8 of these candidate genes. The sequences of these primers
and the temperatures tested were reported, so future studies that aim to characterize the
expression profile of these genes do not repeat the same work that is unlikely to yield
usable data.
Four of the selected candidate genes that were not successfully characterized for
gene expression encode transcription factors (TF) (Zm00001d006585, Zm00001d044168,
Zm00001d021714, and Zm00001d026175). These genes could be characterized in future
studies as a target in the study of protein-DNA binding interactions in-vitro and in-vivo
characterization. The combination of these two approaches can help to determine which
other proteins are regulated by the TF, and potentially, under which conditions. This may
help determine the correlation of these TFs and the resistance mechanism in maize
against A. flavus. If a positive role in defending the plant against the fungus is confirmed,
transgenic plants harboring overexpression of these TF genes could be engineered that
aim to regulate downstream defense genes making the response upon pathogen
recognition more effective.
Another candidate gene that could not be characterized in the present study but
should be further studied is the gene Zm00001d044187, which encodes a DNA
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methyltransferase. DNA methylation has shown to enhance the defense mechanism
against nonviral pathogens in other plant species [1]. Thus, in vivo studies of mutants
which knocks out this gene, and others in the same family, could be beneficial to
understand the role of DNA methylation in maize response to A. flavus.
The expression profiles of 9 of the selected candidate genes were successfully
evaluated. Among these, two genes (P.ADH and ThioN) did not show any significant
difference in expression (FC > 2) in any of the stresses applied across all the four
genotypes evaluated. The role of these genes in the accumulation of aflatoxin in maize, if
any, is not controlled at the level of gene expression. A third gene (Unc.P) was
significantly downregulated (FC > -2) in two genotypes (resistant maize inbred line
Mp313E and susceptible maize inbred line Va35) in response to wounding and showed
no significant changes in response to A. flavus in all the genotypes. This gene is predicted
to have an oxyreductase activity similar to two proteins from rice (Oryza sativa var.
japonica). Thus a further characterization in the biochemical activity in maize is
necessary for a better understanding of its role in the defense mechanism to wounding.
According to our data, its role in the reduction of A. flavus may work only at the level of
initial infection via wounding.
Four genes (PepM50, ThioRed, snRNP, and Sir) were significantly upregulated
(FC > 2) in at least one of the resistant maize lines. These genes had a positive allelic
effect according to the GWAS study, e.g., they contribute to the accumulation of
aflatoxin in maize kernels. The genes PepM50 and ThioRed, however, are associated to
the response to oxidation, and therefore are not necessarily related the defense
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mechanism against the pathogen colonialization, but rather the mitigation of the damage
effects caused by the attack of the fungus. The upregulation of the gene snRNP also
might not be directly related to the accumulation of aflatoxin, as it is part of the splicing
mechanism in the gene expression process. Knock out experiments could help to
determine if this gene has a direct role the activation of defense-related genes or if its
related to maintaining housekeeping cell processes. The protein encoded by the gene Sir,
SIRTUIN, has been related to increase lifespan in mammals. In plants, however, its role
has not yet been defined. Thus, this protein would be a great candidate to perform further
biochemical tests, and in vivo knockout studies to understand the process associated with
this protein in plants. Another gene with a positive allelic effect, SerThr, had a different
trend in at least one of the resistant genotypes and was downregulated in response to the
fungus attack. This gene has been related to the auxin efflux pathway, but its exact role in
defense has not yet been elucidated. Enzymatic assays and knock out experiments could
help determine how this gene contributes to resistance upon a fungal attack in plants.
According to the GWAS, genes that showed a negative allele effect are associated
with a reduction of aflatoxin accumulation in maize. The gene CholK had a negative
allele effect and showed an upregulation above 2-fold in at least one of the resistant
genotypes. The protein it encodes is the first enzyme in the biosynthesis of cell
membrane components, phospholipids. Characterization of the enzymatic activity of this
gene would be beneficiary to support its role in the defense against a pathogen.
In response to objective c, the abundance profile analysis of the total proteins in
kernels from resistant and susceptible maize genotypes identified 138 proteins, of which
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78 were different, unique proteins (Chapter V). Most of the proteins identified in the
susceptible lines (B73 and Va35) were storage proteins or related to primary metabolism
in the cell, such as glycolysis. Several stress-related proteins were upregulated (FC > 2)
in the resistant genotypes (Mp313E and Mp715) in response to the stresses applied to the
kernels. It was also observed that resistant lines upregulated defense proteins as soon as
wounding injury occurred (or possibly sooner, before we measured them), showing that
these genotypes have a constitutive defense rather than an induced defense, as may be
happening in the susceptible genotypes, and probably too late to prevent damage from A.
flavus growth and subsequent production of aflatoxin. These stress and defense-related
proteins have been traced back to their encoding genes, which can now be studied as
candidates, via gene expression and marker-assisted selection, for their role and utility in
creating aflatoxin accumulation resistant maize genotypes. Using the genome location of
these genes, a geneticist could map them against existing QTL map and report if any of
them fall into a known QTL associated with aflatoxin accumulation resistance and linked
molecular markers. Several transcription factor proteins were revealed to be more
abundant in response to stress in resistant lines, and their associated genes could be used
in protein-DNA binding interactions studies. Furthermore, the gene expression profile
and enzymatic assays could be used to complete the knowledge about genes of interest in
the mechanism of defense against pathogens and insects.
In summary, the present dissertation has identified and tested the expression
stability of three reference genes suitable genes for normalization of maize kernels, and
that can be used in future gene expression analysis via RT-qPCR. It has also provided a
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narrowed list of genes that show the most significant relationship to aflatoxin
accumulation in maize. Also, it offers efficient sets of primers that can be used to further
characterize the gene expression profile of nine of these genes in different maize
genotypes. Finally, it builds on the literature of aflatoxin resistance in maize by adding a
list of proteins and their respective genes that are related to aflatoxin resistance in maize
and that have the potential to become molecular markers in maize breeding programs.
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Table A.1
E.C.#
6.4.1.2
2.3.1.221

Enzymes and reactions involved in the synthesis of aflatoxins.

4.2.1.142 /
4.2.1.143

Definition
acetyl-CoA carboxylase
polyketide synthase
noranthrone
monooxygenase
norsolorinic acid
ketoreductase
averantin hydroxylase
5'-hydroxyaverantin
dehydrogenase
5'-oxoaverantin cyclase /
versicolorin B synthase
averfurin monoxygenase
versiconal hemiacetal
acetate synthase
versiconal hemiacetal
acetate esterase
5'-oxoaverantin cyclase /
versicolorin B synthase

?

?

1.13.12.20
1.1.1.349
1.14.14.116
1.1.1.352
4.2.1.142 /
4.2.1.143
?
?
3.1.1.94

2.1.1.109
2.1.1.110
1.14.14.117
1.3.1.?
2.1.1.109
2.1.1.110
1.14.14.117

demethylsterigmatocystin
6-O-methyltransferase
sterigmatocystin 8-Omethyltransferase
aflatoxin B synthase
versicolorin B
dehydrogenase
?
demethylsterigmatocystin
6-O-methyltransferase
sterigmatocystin 8-Omethyltransferase
aflatoxin B synthase

Reaction
Acetyl-CoA → Malonyl-CoA
Malonyl-CoA → Norsolorinate-anthore
Norsolorinate-anthore → Norsolorinate
Norsolorinate → (1'S)-Averantin
(1'S)-Averantin → (1',5'S)-5'-Hydroxyaveratin
(1',5'S)-5'-Hydroxyaveratin → 5'-Oxoaveratin
5'-Oxoaveratin → (1'S,5'S)-Avefurin
(1'S,5'S)-Avefurin → 1'-Hydroxyversicolorone
1'-Hydroxyversicolorone → Versiconal
hemiacetal acetate
Versiconal hemiacetal acetate → Versiconal
Versiconal → Versicolorin B
Versicolorin B →
Dihydrodemethylsterigmatocystin
Dihydrodemethylsterigmatocystin →
Dihydrosterigmatocystin
Dihydrosterigmatocystin → OMethyldihydrosterigmatocystin
O-Methyldihydrosterigmatocystin → Aflatoxin
B2
Versicolorin B → Versicolorin A
Versicolorin A → Demethylsterigmatocystin
Demethylsterigmatocystin → Sterigmatocystin
Sterigmatocystin → O-Methylsterigmatocystin
O-Methylsterigmatocystin → Aflotoxin B1

Supporting table for Figure 2.4. E.C. # - Enzyme Commission Number. Extracted from
KEGG database [65] and MetaCyc database [64].
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ODS POWERPOINT FILE = 'Expression Profile of Candidate Reference
Genes.PPTX';
data Cq;
informat Gene $12.;
format Gene $12.;
label Cq='Quantitative Cycle (Cq)';
input Gene @;
do i=1 to 36;
input Cq @;
output;
end;
drop i;
datalines;
ACT1

21.663
21.173
23.603
21.819
22.141
21.054
21.078
21.408

β-Tub2

EFIα

21.130
23.046
23.132
21.543
21.907
20.942
21.786
29.954

29.446
32.033
30.339
28.634
29.399
29.873
29.864
18.947
18.423
22.720
18.775
18.179
18.374
18.239
20.186

eIF4A2
21.901
24.901
23.046
20.728
22.299
21.124
22.282
GAPDH 26.197
38.112
36.922
35.978
26.048
25.734
37.059
36.281

21.493
23.142
21.153
22.000
21.156
21.368
21.737
29.054

22.260
22.401
22.187
21.074
21.783
21.397
21.849
30.850

22.099
23.881
21.233
21.460
21.050
20.913
21.436
30.634

31.155

30.337
30.807
29.622
30.633
29.696
29.894

29.648
29.353
29.549
31.742
29.882
29.913

30.110
29.768
28.307
30.386
30.135
30.027

32.513
31.452
28.844
29.487
29.542
29.360

18.127
19.784
21.730
18.990
20.842
18.613
18.886

19.100
20.551
18.809
18.944
22.329
18.829
18.960

19.706
19.845
18.996
17.616
20.440
18.421
19.883

18.944
22.028
18.266
17.050
18.191
17.764
19.900

22.712

22.113

22.933

23.828

23.162

22.803
23.883
22.642
22.851
22.040
21.902

23.548
22.006
22.491
24.304
27.920
21.673

22.406
24.332
20.359
22.457
22.662
22.119

24.396
21.931
20.730
21.789
21.743
22.053

26.163
24.629
37.741
37.023
36.726
25.690
26.878

26.350
26.001
25.844
35.936
37.172
37.530
27.062

37.269
24.939
26.098
24.963
36.477
25.748
38.629

38.345
37.180
25.354
25.897
26.297
30.249
37.143
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TATA

30.623
29.473
29.593
30.687
29.712
29.321
29.672
28.397

29.317
30.858
29.622
30.913
28.555
29.630
30.035

29.748
31.285
30.677
30.929
30.422
29.946
30.380

30.751
30.541
30.692
28.944
28.413
29.770
28.141

29.918
30.856
30.827
29.653
29.373
29.437
28.722

;
Run;
title 'Expression Profile of Candidate Reference Genes';
proc boxplot data=Cq;
plot Cq*Gene;
run;
proc template;
define statgraph sgdesign;
dynamic _CQ _GENE _GENE2;
begingraph / designwidth=895 designheight=721 border=false
dataskin=none DataColors=(CXCCCCFF CX6699FF CXFF9999 CX66FF66 CXA4A5A4
CXFFCB63 CX94BDE1 CXCD7BA1 CXCF974B CX87C873 CXB7AEF1 CXDDD17E);
layout lattice / rowdatarange=data columndatarange=data rowgutter=10
columngutter=10;
layout overlay / walldisplay=none xaxisopts=( display=(TICKS
TICKVALUES LINE ) labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ) discreteopts=(
tickvaluefitpolicy=splitrotate)) yaxisopts=( labelattrs=(family='Times
New Roman' size=24 ) tickvalueattrs=(family='Times New Roman' size=24 )
linearopts=( viewmin=15.0 viewmax=40.0));
boxplot x=_GENE y=_CQ / group=_GENE2 name='box' capshape=Serif
boxwidth=0.8 intervalboxwidth=10.0 groupdisplay=Cluster
outlineattrs=(color=CXFFFFFF pattern=SOLID )
medianattrs=(color=CX000000 ) whiskerattrs=(color=CX000000
pattern=SOLID ) meanattrs=(color=CX000000 symbol=CIRCLEFILLED size=7
weight=bold ) outlierattrs=(color=CX000000 symbol=ASTERISK );
endlayout;
endlayout;
endgraph;
end;
run;
proc sgrender data=WORK.CQ template=sgdesign;
dynamic _CQ="CQ" _GENE="GENE" _GENE2="GENE";
run;
ODS POWERPOINT CLOSE;
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Figure C.1

Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C) for candidate gene ACT1
(Zm00001d010159)
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Figure C.2

Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C) for candidate gene β-Tub2
(Zm00001d010275)

199

Figure C.3

Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C) for candidate gene EIFα
(Zm00001d037905)
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Figure C.4

Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C) for candidate gene eIF4A2
(Zm00001d016351)

201

Figure C.5

Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C) for candidate gene GAPDH
(Zm00001d035156)
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Figure C.6

Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C) for candidate gene TATA
(Zm00001d019598)
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Figure D.1

RNA Integrity Number (RIN) and RNA concentration extracted from kernels of the susceptible genotype B73.
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Figure D.2

RNA Integrity Number (RIN) and RNA concentration extracted from kernels of the susceptible genotype Va35.
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Figure D.3

RNA Integrity Number (RIN) and RNA concentration extracted from kernels of the resistant genotype Mp313E.
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Figure D.4

RNA Integrity Number (RIN) and RNA concentration extracted from kernels of the resistant genotype Mp719.

Table D.1

Marker positions and gene IDs for selected candidate genes in the maize
genome versions (AGPv2) published by Warburton et al. [30] and Tang et
al. [31] and their subsequent marker positions and gene IDs in the maize
genome versions AGPv3 and AGPv4.
Marker

Gene ID

AGPv2

AGPv3

AGPv4

AGPv2/v3

AGPv4

S1_271973874

S1_272286863

S1_276988918

GRMZM2G049349

Zm00001d033872

S2_188872774

S2_189523161

S2_194516874

GRMZM2G026065

Zm00001d005976

S2_205035222

S2_205696424

S2_211619449

GRMZM2G166337

Zm00001d006585

S2_22947761

S2_23571835

S2_24244193

GRMZM2G003784

Zm00001d002833

S3_217358368

S3_217439366

S3_220964924

GRMZM2G089525

Zm00001d044168

S3_217808272

S3_217889270

S3_221417395

GRMZM2G052991

Zm00001d044187

S4_230398767

S4_230936627

S4_235422991

GRMZM2G168404

Zm00001d053586

S4_26406913

S4_26433548

S4_27923626

GRMZM2G003814

Zm00001d049363

S5_31133128

S5_31152970

S5_32111122

GRMZM2G110201

Zm00001d014093

S6_121311711

S6_121494543

S6_125230730

GRMZM5G841142

Zm00001d037429

S7_121184023

S7_121217070

S7_125097887

GRMZM2G469409

Zm00001d020612

S7_155754021

S7_155793162

S7_161120622

GRMZM2G444075

Zm00001d021714

S9_117048726

S9_117073072

S9_118804444

GRMZM2G108619

Zm00001d047107

S10_109718061

S10_109737227

S10_ 140336484

GRMZM2G159675

Zm00001d026175

S10_125923329

S10_125944667

S10_110579271

GRMZM2G058573

Zm00001d025239

S10_139081513

S10_139109260

S10_126877395

GRMZM2G148467

Zm00001d025705

S10_144979480

S10_144406307

S10_145721261

GRMZM2G127668

Zm00001d026431
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Table D.2

Coexpressed transcription factors with the gene Zm00001d014093
according to coexpression network analysis of the promoter region
performed with PlantPAN 2.0

Gene IDa

Position (Strand)

GRMZM2G160565
GRMZM2G089244
GRMZM2G082318

-587(-); -198(-)
-189(-)
40(+)
-92(+); -92(-); -92(+); -92(-); -288(-); -93(+); -93(-);
-593(-); -289(-); -94(-); -92(+); -287(+); -93(-);
-92(+); -288(-); -93(+); -93(-); -93(+); -289(-);
-288(+); -93(+); -93(-)
-739(+); -587(-); -302(-)
-991(+)
-587(-); -198(-)
-665(+); -667(-); -665(+); -665(+); -664(+); -665(+); 665(+); -664(+); -665(+)
-587(-); -198(-)
-587(-); -198(-)
-658(+); -761(+); -644(+); -564(+); 90(+); 90(-)
-665(-); -319(-)
-658(+); -761(+); -644(+); -564(+); 90(+); 90(-)
-587(-); -198(-)
-658(+); -761(+); -644(+); -564(+); 90(+); 90(-)
-202(+)
-771(-); -771(-); -771(-)
-384(-); -74(-); -619(+); -310(-); -159(-); -384(-); 313(-); -384(-)
-761(+); -644(+); -564(+); 90(+); 90(-)
-666(+); -7(+)
-587(-); -198(-)
-189(-)
-771(-); -771(-)
-74(-); -619(+); -310(-); -159(-); -384(-); -313(-); 384(-)
-202(+)
-771(-); -771(-); -771(-)
-656(+); -662(-)

GRMZM2G135381
GRMZM2G146283
AC233950.1_FG002
GRMZM2G018589
GRMZM2G080731
GRMZM2G072582
GRMZM2G003514
GRMZM2G080168
GRMZM2G017087
GRMZM2G030762
GRMZM2G159397
GRMZM2G180406
GRMZM2G034840
GRMZM2G126834
GRMZM2G106133
GRMZM2G116785
GRMZM2G007063
GRMZM2G129034
GRMZM2G000818
GRMZM2G173943
GRMZM2G123887
GRMZM2G035405
GRMZM2G099797
GRMZM2G017349
a
b

Gene ID are reported on the AGPv3 assembly of the maize genome
Pearson correlation coefficient
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PCC
valueb
0.95
0.94
0.94
0.93
0.93
0.92
0.92
0.92
0.9
0.9
0.9
0.9
0.9
0.89
0.89
0.89
0.89
0.88
0.87
0.87
0.86
0.86
0.86
0.84
0.81
0.81
0.8

Table D.3

Coexpressed transcription factors with the gene Zm00001d037429
according to coexpression network analysis of the promoter region
performed with PlantPAN 2.0

Gene IDa

GRMZM2G040298

GRMZM2G119999
GRMZM2G393433

GRMZM2G163418

GRMZM2G003304
GRMZM2G043600

Position (Strand)
-1104(-); -315(-); -1401(-); -314(-); -239(+); -1400(-); -1102(-);
-313(-); -238(+); 338(-); -1402(-); -1104(-); -315(-); -314(-); 1104(-); -315(-); -1103(-); -314(-); -1402(-); -315(-); -238(+); 1103(-); -314(-); -1103(-); -314(-); -239(+); -1104(-); -315(-); 1103(-); -314(-); -1104(-); -315(-); -238(+); -1103(-); -1400(-); 313(-); -238(+); -316(-); -1103(-); -314(-); -1103(-); -314(-); 1103(-); -314(-); -1103(-); -314(-); -1103(-)
-1465(-); -383(+); -59(+); -1464(-); -383(+); -59(+); -1463(+); 384(-); -60(-); -1464(+); -64(-); -1465(+); -386(-); -62(-); 1466(+); -387(-); -63(-); -1464(+); -60(-)
-931(-); -931(-); -931(-); -931(-); -933(-)
-1104(-); -315(-); -1402(-); -1104(-); -315(-); -314(-); -1103(-); 314(-); -1402(-); -315(-); -238(+); -1103(-); -314(-); -1103(-); 314(-); -239(+); -1104(-); -315(-); -1103(-); -314(-); -1104(-); 315(-); -238(+); -1103(-); -1102(-); -313(-); -238(+); -1400(-); 313(-); -238(+); -316(-); -1103(-); -314(-); -1103(-); -314(-); 1103(-); -314(-); -1103(-)
-1465(-); -383(+); -59(+); -1464(-); -383(+); -59(+); -1463(+); 384(-); -60(-); -1464(+); -64(-); -1465(+); -386(-); -62(-); 1466(+); -387(-); -63(-); -1464(+); -60(-)
-168(+)

-741(+); -741(-); -741(+); -741(-); -742(+); -742(-); -743(-); GRMZM2G135381 741(+); -774(+); -742(-); -741(+); -188(+); -742(+); -742(-); 743(-); -742(+); -776(-); -741(+); -190(-); -742(+); -742(-)
GRMZM2G023667 -345(-)
GRMZM2G430522 -931(-); -931(-); -931(-); -931(-); -933(-)
GRMZM2G160565 238(-); 238(-)
-1246(+); -643(+); -1246(+); -643(+); -1245(+); -642(+); GRMZM2G126834
1246(+); -643(+)
GRMZM2G018589 238(-); 238(-)
GRMZM2G146283 -1024(+); -850(+); 94(+); 388(+); -1114(-); -593(-); -73(-)
GRMZM2G154182 -931(-); -931(-); -931(-); -931(-); -933(-)
228(+); -451(+); -423(+); -419(-); -798(-); -782(+); -222(-); 20(GRMZM2G106133
); -618(-); -208(-); 230(+); -294(-)
GRMZM2G180406 472(-)
GRMZM2G018436 -931(-); -931(-); -931(-); -933(-)
GRMZM2G181605 -931(-); -931(-); -931(-); -931(-); -933(-)
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PCC
valueb

0.93

0.92
0.91

0.9

0.9
0.9
0.9
0.9
0.89
0.89
0.89
0.88
0.88
0.88
0.88
0.88
0.87
0.87

Table D.3 (Continued)
-1104(-); -315(-); -1103(-); -314(-); -239(+); -1104(-); -315(-); GRMZM2G432583 1103(-); -314(-); -1104(-); -315(-); -238(+); -1102(-); -313(-); 238(+); -316(-); -1103(-); -314(-); -1103(-)
GRMZM2G138421 -508(-)
GRMZM2G007063 142(+)
GRMZM2G089244 -1056(-); -1054(-)
GRMZM2G080168 472(-)
GRMZM2G072582 238(-); 238(-)
GRMZM2G036297 -508(-)
GRMZM2G116785 472(-)
GRMZM2G030762 472(-)
GRMZM2G003514 238(-); 238(-)
GRMZM2G163813 -508(-)
-1402(-); -315(-); -238(+); -1103(-); -314(-); -1103(-); -314(-); GRMZM2G063216 239(+); -1102(-); -313(-); -238(+); -1400(-); -313(-); -238(+); 316(-); -1103(-); -314(-); -1103(-); -314(-); -1103(-); -314(-)
GRMZM2G015534 142(+)
GRMZM2G173943 -1244(+); -641(+); -1246(+); -643(+)
GRMZM2G149040 -168(+)
-1102(-); -1401(-); -1103(-); -314(-); -239(+); -1102(-); -1101(GRMZM2G398506
)
GRMZM2G069047 443(-)
GRMZM2G159397 238(-); 238(-)
GRMZM2G124715 -1054(-)
-1104(-); -315(-); -1401(-); -314(-); -239(+); -1400(-); -1102(-);
-313(-); -238(+); 338(-); -1402(-); -1104(-); -315(-); -314(-); 1104(-); -315(-); -1103(-); -314(-); -1402(-); -315(-); -238(+); 1103(-); -314(-); -1103(-); -314(-); -239(+); -1104(-); -315(-); GRMZM2G147880
1103(-); -314(-); -1104(-); -315(-); -238(+); -1103(-); -1102(-);
-313(-); -238(+); -1400(-); -313(-); -238(+); -316(-); -1103(-); 314(-); -1103(-); -314(-); -1103(-); -314(-); -1103(-); -314(-); 1103(-)
GRMZM2G153754 -1147(+); -1147(-)
GRMZM2G041415 -1054(-)
GRMZM2G133398 -1175(+); -895(-); -894(+)
GRMZM2G129034 238(-); 238(-)
-1104(-); -315(-); -1401(-); -314(-); -239(+); -1400(-); -1102(-);
-313(-); -238(+); 338(-); -1402(-); -1104(-); -315(-); -314(-); 1104(-); -315(-); -1103(-); -314(-); -1402(-); -315(-); -238(+); GRMZM2G013391 1103(-); -314(-); -1103(-); -314(-); -239(+); -1104(-); -315(-); 1103(-); -314(-); -1104(-); -315(-); -238(+); -1103(-); -1400(-);
-313(-); -238(+); -316(-); -1103(-); -314(-); -1103(-); -314(-); 1103(-); -314(-); -1103(-); -314(-); -1103(-)
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0.87
0.87
0.86
0.86
0.86
0.86
0.86
0.86
0.85
0.85
0.85
0.85
0.85
0.84
0.83
0.83
0.83
0.82
0.82

0.82

0.82
0.82
0.82
0.82

0.82

Table D.3 (Continued)

GRMZM2G151407

GRMZM2G085467
GRMZM2G163914
GRMZM2G179885
a
b

0.81
0.81
0.81

Coexpressed transcription factors with the gene Zm00001d025239
according to coexpression network analysis of the promoter region
performed with PlantPAN 2.0

Gene IDa
GRMZM2G021339
GRMZM2G029323
GRMZM2G141299
GRMZM2G057408
b

0.82

Gene ID are reported on the AGPv3 assembly of the maize genome
Pearson correlation coefficient

Table D.4

a

-1104(-); -315(-); -1401(-); -314(-); -239(+); -1400(-); -1102(); -313(-); -238(+); 338(-); -1402(-); -1104(-); -315(-); -314(-);
-1104(-); -315(-); -1103(-); -314(-); -1402(-); -315(-); -238(+);
-1103(-); -314(-); -1103(-); -314(-); -239(+); -1104(-); -315(-);
-1103(-); -314(-); -1104(-); -315(-); -238(+); -1103(-); -1400(); -313(-); -238(+); -316(-); -1103(-); -314(-); -1103(-); -314(-);
-1103(-); -314(-); -1103(-); -314(-); -1103(-)
-1426(+); -1157(+); -481(+)
-795(-)
-1401(-); -1103(-); -314(-); -238(+); 337(-)

Position (Strand)
755(+); 755(+); 754(-); 750(-); 752(-); 751(-); 754()
545(-); 556(+); 43(-); 95(+); 43(-); 95(+); 555(-)
-1368(+)
-762(-)

Gene ID are reported on the AGPv3 assembly of the maize genome
Pearson correlation coefficient
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PCC valueb
0.85
0.85
0.83
0.82

Heat shock
transcription
factor C1
(AT-HSFC1)

Zm00001d044168

Zm00001d006585

Pepsin A.

R2R3MYBdomain
protein.

Zm00001d002833

Putative
Function

Reverse

N/A

GACTCGGGAACGACTTTCACCATGC

Reverse.2
Forward

ACTCTCCCCAGGCAGCGACTACAC

AAGCACCCGTACTTCTACTCGGTGG

Forward.2

Forward.1

CCACAACCCGAAGCACCCGTACTTCTACT

Reverse.1

GACTCGGGAACGACTTTCACCATGC

ACTCTCCCCAGGCAGCGACTACAC

Forward.1

Reverse.2

GCTTGATGTGAGCGACTACATGCTGTAA

TTCTGCCCGGTAACAACCACAACAGCGTCG

Forward
Reverse

Sequence (5' > 3')

Primer
Directio
n

N/A

25

24

25

25

29

24

28

30

nme
r

N/A

236

142

113

200

Expecte
d size
(bp)

N/A

63.0

61.7

64.5

63.7;
65.0;
67.0

Tested
TM
(°C)

Inefficient primers set tested for gene expression analysis of selected candidate genes.

Gene ID

Table D.5
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Highly conserved gene
sequence; Sequence
with a high GC content,
therefore a primer set
within the primer design
parameters was not
found.

No amplification.

Wrong site amplification
(single band); Primer
dimer.

Highly conserved gene
sequence; Wrong site
amplification (single
band), larger amplicon
than expected.

Highly conserved gene
sequence; No
amplification.

Notes
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Zm00001d026175

Zm00001d021714

Squamosa
promoterbinding protein
like (SBP
domain).

NPH3
superfamily.

Zm00001d053586

Zm00001d047107

Putative
cytochrome
P450
superfamily
protein.

Uncharacterized
protein

DNA
methylase.

Zm00001d044187

Table D.5 (Continued)

Reverse

Forward

Reverse

Forward

GCTGAGGGTAAGAGGAAGGACAAGGCGCCT

ATCTCGCCATGCACTGGGCACCCGCCGTAGTGTCG

GCGAGGACCTGAAAGCTATAGGTTACGA

GTCACCGTGACCCCACCTTTCAAGG

CCTTTTCTATGCGAGCTTTAATGCCCGT

Forward
Reverse

TTACTGTCTGGCTGTTGTTTCTCAGAGG

Reverse

CTCATCTTCCTCGCCATCTTCAACGC

N/A

GGAGAAGATGCCGCTGGTGAAGTC

Forward

Reverse

Forward

30

35

28

25

20

22

24

26

N/A

209

152

200

200

N/A

65.0;
67.5;
70.1;
72.7

60.0;
61.1;
61.7
62.3

60.0;
61.0

61.0;
61.4

N/A

Highly conserved
gene sequence; No
amplification.

Highly conserved
gene sequence;
Wrong site (single
band) amplification.

Highly conserved
gene sequence;
Unspecific (multiple
sites) amplification.

Highly conserved
gene sequence;
Unspecific (multiple
sites) amplification.

Highly conserved
gene sequence.
Unique oligo
sequence not found
within the primer
design parameters.

Figure D.5

Sequence of amplicon from designed primer sets for selected candidate
genes PepM50 (Zm00001d033872) (A), SerThr (Zm00001d005976) (B),
P.ADH (Zm00001d049363) (C), ThioN (Zm00001d014093) (D) ThioRed
(Zm00001d037429) (E), CholK (Zm00001d020612) (F), snRNP
(Zm00001d025239) (G), Sir (Zm00001d025705) (H), J. Unc.P
(Zm00001d026431) (I)
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Figure D.5 (Continued)
217

Figure D.5 (Continued)
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Figure D.5 (Continued)
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Figure D.6

Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C), and amplification products (D)
of standard curve points for candidate gene PepM50 (Zm00001d033872)
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Figure D.7

Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C), and amplification products (D)
of standard curve points for candidate gene SerThr (Zm00001d005976)
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Figure D.8

Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C), and amplification products (D)
of standard curve points for candidate gene P.ADH (Zm00001d049363)
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Figure D.9

Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C), and amplification products (D)
of standard curve points for candidate gene ThioN (Zm00001d014093)
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Figure D.10 Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C), and amplification products (D)
of standard curve points for candidate gene ThioRed (Zm00001d037429)
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Figure D.11 Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C), and amplification products (D)
of standard curve points for candidate gene CholK (Zm00001d020612)
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Figure D.12 Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C), and amplification products (D)
of standard curve points for candidate gene snRNP (Zm00001d025239)
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Figure D.13 Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C), and amplification products (D)
of standard curve points for candidate gene Sir (Zm00001d025705)
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Figure D.14 Standard curve for absolute quantification and primer efficiency calculation
(A), amplification plot (B), melt curve (C), and amplification products (D)
of standard curve points for candidate gene Unc.P (Zm00001d026431)
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Figure D.15 Melt curve analysis and amplification product for samples treated with spore, water and uninoculated for candidate
genes PepM50 (Zm00001d033872) (A), SerThr (Zm00001d005976) (B); P.ADH (Zm00001d049363) (C); ThioN
(Zm00001d014093) (D); ThioRed (Zm00001d037429) (E); CholK (Zm00001d020612) (F); snRNP
(Zm00001d025239) (G); Sir (Zm00001d025705) (H); Unc.P (Zm00001d026431) (I)
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Figure D.15 (Continued)
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Figure D.15 (Continued)

APPENDIX E
SAS CODES USED TO PERFORM STATISTICAL ANALYSIS OF THE RT-QPCR
DATA FROM CHAPTER IV
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The following code is an example of the code line used to perform the statistical
analysis using one-way ANOVA (analysis of variance) and post-hoc Tukey at confidence
interval of 95 % with SAS software, version 9.4 (SAS Institute, Cary, NC). Note that the
inputs of the data were done using the command “infile”. The denotation “GENE
SYMBOL” is used here to exemplify how the file names and outputs were named. In the
real input files “GENE SYMBOL” was substituted by the Gene Symbol of the
correspondent candidate gene as described on Table 4.1 on Chapter IV of this
dissertation. The codes described here allow to generate the direct output of the analyzed
data in the .pdf and .rtf formats, in addition to .tiff for graph images for the relative
expression data statistical analysis; and in the .pdf and .xls formats for the absolute
quantification data statistical analysis.

CODES USED FOR STATISTICAL ANALYSIS OF RELATIVE EXPRESSION
DATA
/**Treatments**/
/** Fold Change between Spore/Uninoculated samples **/
ODS PDF FILE = "C:\Users\GENE SYMBOL_ANOVA_Treatment.pdf";
ODS RTF FILE = "C:\Users\GENE SYMBOL_ANOVA_Treatment.rtf";
Data GENE SYMBOL_SpUn;
length Genotype $ 30;
infile 'GENE SYMBOL_SpUn.txt' DLM='09'X Firstobs=2;
Input Genotype $ FC;
Run;
Proc print data=GENE SYMBOL_SpUn;
title 'GENE SYMBOL_SpUn';
Run;
proc anova data=GENE SYMBOL_SpUn;
class Genotype;
model FC=Genotype;
means Genotype / tukey alpha=.05 lines;
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run;
quit;
proc sort data= GENE SYMBOL_SPUN;
by Genotype;
run;
proc means mean std stderr min max data= GENE SYMBOL_SPUN print;
by Genotype;
output out=GENE SYMBOL_SPUN_Stats mean=mean std=std stderr=stderr
min=min max=max;
run;
ODS GRAPHICS / RESET IMAGENAME= 'GENE SYMBOL_SPUN_Bars'
IMAGEFMT= TIFF;
ODS LISTING GPATH = "C:\Users\ANOVA graphs";
proc template;
define statgraph Graph;
dynamic _GENOTYPE _MEAN _MAX _MIN;
begingraph / designwidth=1000 designheight=833 backgroundcolor=CXFFFFFF
border=false dataskin=pressed attrpriority=Color DataColors=(CX990099
CXDE7E6F CX66A5A0 CXA9865B CXB689CD CXBABC5C CX94BDE1 CXCD7BA1 CXCF974B
CX87C873 CXB7AEF1 CXDDD17E);
layout lattice / rowdatarange=data columndatarange=data rowgutter=10
columngutter=10;
layout overlay / walldisplay=none xaxisopts=( display=(LINE
TICKVALUES ) labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ) discreteopts=(
tickvaluefitpolicy=splitrotate colorBandsAttrs=GraphBlock)) yaxisopts=(
display=(TICKS TICKVALUES LINE LABEL ) label=('Fold Change (FC)')
labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ));
barchartparm category=_GENOTYPE response=_MEAN /
errorupper=_MAX errorlower=_MIN name='barerror' barwidth=0.7
groupdisplay=Cluster outlineattrs=GraphBoxMean(color=CX000000 )
errorbarattrs=(thickness=3 );
endlayout;
endlayout;
endgraph;
end;
run;
proc sgrender data=WORK. GENE SYMBOL_SPUN_Stats template=Graph;
dynamic _GENOTYPE="GENOTYPE" _MEAN="MEAN" _MAX="MAX" _MIN="MIN";
run;
ODS GRAPHICS OFF;
/** Fold Change between Spore/Water inoculated samples **/
Data GENE SYMBOL_SpWt;
length Genotype $ 30;
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infile 'GENE SYMBOL_SpWt.txt' DLM='09'X Firstobs=2;
Input Genotype $ FC;
Run;
Proc print data=GENE SYMBOL_SpWt;
title 'GENE SYMBOL_SpWt';
Run;
proc anova data=GENE SYMBOL_SpWt;
class Genotype;
model FC=Genotype;
means Genotype / tukey alpha=.05 lines;
run;
quit;
proc sort data= GENE SYMBOL_SPWT;
by Genotype;
run;
proc means mean std stderr min max data= GENE SYMBOL_SPWT print;
by Genotype;
output out= GENE SYMBOL_SPWT_Stats mean=mean std=std stderr=stderr
min=min max=max;
run;
ODS GRAPHICS / RESET IMAGENAME= 'GENE SYMBOL_SPWT_Bars'
IMAGEFMT= TIFF;
ODS LISTING GPATH = "C:\Users\ANOVA graphs";
proc template;
define statgraph Graph;
dynamic _GENOTYPE _MEAN _MAX _MIN;
begingraph / designwidth=1000 designheight=833 backgroundcolor=CXFFFFFF
border=false dataskin=pressed attrpriority=Color DataColors=(CX990099
CXDE7E6F CX66A5A0 CXA9865B CXB689CD CXBABC5C CX94BDE1 CXCD7BA1 CXCF974B
CX87C873 CXB7AEF1 CXDDD17E);
layout lattice / rowdatarange=data columndatarange=data rowgutter=10
columngutter=10;
layout overlay / walldisplay=none xaxisopts=( display=(LINE
TICKVALUES ) labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ) discreteopts=(
tickvaluefitpolicy=splitrotate colorBandsAttrs=GraphBlock)) yaxisopts=(
display=(TICKS TICKVALUES LINE LABEL ) label=('Fold Change (FC)')
labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ));
barchartparm category=_GENOTYPE response=_MEAN /
errorupper=_MAX errorlower=_MIN name='barerror' barwidth=0.7
groupdisplay=Cluster outlineattrs=GraphBoxMean(color=CX000000 )
errorbarattrs=(thickness=3 );
endlayout;
endlayout;
endgraph;
end;
run;
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proc sgrender data=WORK.GENE SYMBOL_SPWT_Stats template=Graph;
dynamic _GENOTYPE="GENOTYPE" _MEAN="MEAN" _MAX="MAX" _MIN="MIN";
run;
ODS GRAPHICS OFF;
/** Fold Change between Water/Uninoculated samples **/
Data GENE SYMBOL_WtUn;
length Genotype $ 30;
infile 'GENE SYMBOL_WtUn.txt' DLM='09'X Firstobs=2;
Input Genotype $ FC;
Run;
Proc print data=GENE SYMBOL_WtUn;
title 'GENE SYMBOL_WtUn';
Run;
proc anova data=GENE SYMBOL_WtUn;
class Genotype;
model FC=Genotype;
means Genotype / tukey alpha=.05 lines;
run;
quit;
proc sort data= GENE SYMBOL_WTUN;
by Genotype;
run;
proc means mean std stderr min max data= GENE SYMBOL_WTUN print;
by Genotype;
output out=GENE SYMBOL_WTUN_Stats mean=mean std=std stderr=stderr
min=min max=max;
run;
ODS GRAPHICS / RESET IMAGENAME= 'GENE SYMBOL_WTUN_Bars'
IMAGEFMT= TIFF;
ODS LISTING GPATH = "C:\Users\ANOVA graphs";
proc template;
define statgraph Graph;
dynamic _GENOTYPE _MEAN _MAX _MIN;
begingraph / designwidth=1000 designheight=833 backgroundcolor=CXFFFFFF
border=false dataskin=pressed attrpriority=Color DataColors=(CX990099
CXDE7E6F CX66A5A0 CXA9865B CXB689CD CXBABC5C CX94BDE1 CXCD7BA1 CXCF974B
CX87C873 CXB7AEF1 CXDDD17E);
layout lattice / rowdatarange=data columndatarange=data rowgutter=10
columngutter=10;
layout overlay / walldisplay=none xaxisopts=( display=(LINE
TICKVALUES ) labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ) discreteopts=(
tickvaluefitpolicy=splitrotate colorBandsAttrs=GraphBlock)) yaxisopts=(
display=(TICKS TICKVALUES LINE LABEL ) label=('Fold Change (FC)')
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labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ));
barchartparm category=_GENOTYPE response=_MEAN /
errorupper=_MAX errorlower=_MIN name='barerror' barwidth=0.7
groupdisplay=Cluster outlineattrs=GraphBoxMean(color=CX000000 )
errorbarattrs=(thickness=3 );
endlayout;
endlayout;
endgraph;
end;
run;
proc sgrender data=WORK.GENE SYMBOL_WTUN_Stats template=Graph;
dynamic _GENOTYPE="GENOTYPE" _MEAN="MEAN" _MAX="MAX" _MIN="MIN";
run;
ODS GRAPHICS OFF;
ODS PDF CLOSE;
ODS RTF CLOSE;
/**Genotypes**/
/** B73 **/
ODS PDF FILE = "C:\Users\GENE SYMBOL_ANOVA_Genotypes.pdf";
ODS RTF FILE = "C:\Users\GENE SYMBOL_ANOVA_Genotypes.rtf";
Data GENE SYMBOL_B73;
length Genotype $ 100;
infile 'GENE SYMBOL_B73.txt' DLM='09'X Firstobs=2;
Input Genotype $ FC;
Run;
Proc print data= GENE SYMBOL_B73;
Run;
proc anova data= GENE SYMBOL_B73;
class Genotype;
model FC=Genotype;
means Genotype / tukey alpha=.05 lines;
run;
quit;
proc sort data= GENE SYMBOL_B73;
by Genotype;
run;
proc means mean std stderr min max data= GENE SYMBOL_B73 print;
by Genotype;
output out=GENE SYMBOL_B73_Stats mean=mean std=std stderr=stderr
min=min max=max;
run;
ODS GRAPHICS / RESET IMAGENAME= 'GENE SYMBOL_B73_Bars'
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IMAGEFMT= TIFF;
ODS LISTING GPATH = "C:\Users\ANOVA graphs";
proc template;
define statgraph Graph;
dynamic _GENOTYPE _MEAN _MAX _MIN;
begingraph / designwidth=1000 designheight=833 backgroundcolor=CXFFFFFF
border=false dataskin=pressed attrpriority=Color DataColors=(CX990099
CXDE7E6F CX66A5A0 CXA9865B CXB689CD CXBABC5C CX94BDE1 CXCD7BA1 CXCF974B
CX87C873 CXB7AEF1 CXDDD17E);
layout lattice / rowdatarange=data columndatarange=data rowgutter=10
columngutter=10;
layout overlay / walldisplay=none xaxisopts=( display=(LINE
TICKVALUES ) labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ) discreteopts=(
tickvaluefitpolicy=splitrotate colorBandsAttrs=GraphBlock)) yaxisopts=(
display=(TICKS TICKVALUES LINE LABEL ) label=('Fold Change (FC)')
labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ));
barchartparm category=_GENOTYPE response=_MEAN /
errorupper=_MAX errorlower=_MIN name='barerror' barwidth=0.7
groupdisplay=Cluster outlineattrs=GraphBoxMean(color=CX000000 )
errorbarattrs=(thickness=3 );
endlayout;
endlayout;
endgraph;
end;
run;
proc sgrender data=WORK.GENE SYMBOL_B73_Stats template=Graph;
dynamic _GENOTYPE="GENOTYPE" _MEAN="MEAN" _MAX="MAX" _MIN="MIN";
run;
ODS GRAPHICS OFF;
/** Va35 **/
Data GENE SYMBOL_VA35;
length Genotype $ 100;
infile 'GENE SYMBOL_VA35.txt' DLM='09'X Firstobs=2;
Input Genotype $ FC;
Run;
Proc print data= GENE SYMBOL_VA35;
Run;
proc anova data= GENE SYMBOL_VA35;
class Genotype;
model FC=Genotype;
means Genotype / tukey alpha=.05 lines;
run;
quit;
proc sort data= GENE SYMBOL_VA35;
by Genotype;
run;
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proc means mean std stderr min max data= GENE SYMBOL_VA35 print;
by Genotype;
output out=GENE SYMBOL_Va35_Stats mean=mean std=std stderr=stderr
min=min max=max;
run;
ODS GRAPHICS / RESET IMAGENAME= 'GENE SYMBOL_VA35_Bars'
IMAGEFMT= TIFF;
ODS LISTING GPATH = "C:\Users\ANOVA graphs";
proc template;
define statgraph Graph;
dynamic _GENOTYPE _MEAN _MAX _MIN;
begingraph / designwidth=1000 designheight=833 backgroundcolor=CXFFFFFF
border=false dataskin=pressed attrpriority=Color DataColors=(CX990099
CXDE7E6F CX66A5A0 CXA9865B CXB689CD CXBABC5C CX94BDE1 CXCD7BA1 CXCF974B
CX87C873 CXB7AEF1 CXDDD17E);
layout lattice / rowdatarange=data columndatarange=data rowgutter=10
columngutter=10;
layout overlay / walldisplay=none xaxisopts=( display=(LINE
TICKVALUES ) labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ) discreteopts=(
tickvaluefitpolicy=splitrotate colorBandsAttrs=GraphBlock)) yaxisopts=(
display=(TICKS TICKVALUES LINE LABEL ) label=('Fold Change (FC)')
labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ));
barchartparm category=_GENOTYPE response=_MEAN /
errorupper=_MAX errorlower=_MIN name='barerror' barwidth=0.7
groupdisplay=Cluster outlineattrs=GraphBoxMean(color=CX000000 )
errorbarattrs=(thickness=3 );
endlayout;
endlayout;
endgraph;
end;
run;
proc sgrender data=WORK.GENE SYMBOL_Va35_Stats template=Graph;
dynamic _GENOTYPE="GENOTYPE" _MEAN="MEAN" _MAX="MAX" _MIN="MIN";
run;
ODS GRAPHICS OFF;
/** Mp313E **/
Data GENE SYMBOL_MP313E;
length Genotype $ 100;
infile 'GENE SYMBOL_MP313E.txt' DLM='09'X Firstobs=2;
Input Genotype $ FC;
Run;
Proc print data= GENE SYMBOL_MP313E;
Run;
proc anova data= GENE SYMBOL_MP313E;
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class Genotype;
model FC=Genotype;
means Genotype / tukey alpha=.05 lines;
run;
quit;
proc sort data= GENE SYMBOL_MP313E;
by Genotype;
run;
proc means mean std stderr min max data= GENE SYMBOL_MP313E print;
by Genotype;
output out=GENE SYMBOL_MP313E_Stats mean=mean std=std stderr=stderr
min=min max=max;
run;
ODS GRAPHICS / RESET IMAGENAME= 'GENE SYMBOL_MP313E_Bars'
IMAGEFMT= TIFF;
ODS LISTING GPATH = "C:\Users\ANOVA graphs";
proc template;
define statgraph Graph;
dynamic _GENOTYPE _MEAN _MAX _MIN;
begingraph / designwidth=1000 designheight=833 backgroundcolor=CXFFFFFF
border=false dataskin=pressed attrpriority=Color DataColors=(CX990099
CXDE7E6F CX66A5A0 CXA9865B CXB689CD CXBABC5C CX94BDE1 CXCD7BA1 CXCF974B
CX87C873 CXB7AEF1 CXDDD17E);
layout lattice / rowdatarange=data columndatarange=data rowgutter=10
columngutter=10;
layout overlay / walldisplay=none xaxisopts=( display=(LINE
TICKVALUES ) labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ) discreteopts=(
tickvaluefitpolicy=splitrotate colorBandsAttrs=GraphBlock)) yaxisopts=(
display=(TICKS TICKVALUES LINE LABEL ) label=('Fold Change (FC)')
labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ));
barchartparm category=_GENOTYPE response=_MEAN /
errorupper=_MAX errorlower=_MIN name='barerror' barwidth=0.7
groupdisplay=Cluster outlineattrs=GraphBoxMean(color=CX000000 )
errorbarattrs=(thickness=3 );
endlayout;
endlayout;
endgraph;
end;
run;
proc sgrender data=WORK.GENE SYMBOL_MP313E_Stats template=Graph;
dynamic _GENOTYPE="GENOTYPE" _MEAN="MEAN" _MAX="MAX" _MIN="MIN";
run;
ODS GRAPHICS OFF;
/** Mp719 **/
Data GENE SYMBOL_MP719;
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length Genotype $ 100;
infile 'GENE SYMBOL_MP719.txt' DLM='09'X Firstobs=2;
Input Genotype $ FC;
Run;
Proc print data= GENE SYMBOL_MP719;
Run;
proc anova data= GENE SYMBOL_MP719;
class Genotype;
model FC=Genotype;
means Genotype / tukey alpha=.05 lines;
run;
quit;
proc sort data= GENE SYMBOL_MP719;
by Genotype;
run;
proc means mean std stderr min max data= GENE SYMBOL_MP719 print;
by Genotype;
output out=GENE SYMBOL_Mp719_Stats mean=mean std=std stderr=stderr
min=min max=max;
run;
ODS GRAPHICS / RESET IMAGENAME= 'GENE SYMBOL_MP719_Bars'
IMAGEFMT= TIFF;
ODS LISTING GPATH = "C:\Users\ANOVA graphs";
proc template;
define statgraph Graph;
dynamic _GENOTYPE _MEAN _MAX _MIN;
begingraph / designwidth=1000 designheight=833 backgroundcolor=CXFFFFFF
border=false dataskin=pressed attrpriority=Color DataColors=(CX990099
CXDE7E6F CX66A5A0 CXA9865B CXB689CD CXBABC5C CX94BDE1 CXCD7BA1 CXCF974B
CX87C873 CXB7AEF1 CXDDD17E);
layout lattice / rowdatarange=data columndatarange=data rowgutter=10
columngutter=10;
layout overlay / walldisplay=none xaxisopts=( display=(LINE
TICKVALUES ) labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ) discreteopts=(
tickvaluefitpolicy=splitrotate colorBandsAttrs=GraphBlock)) yaxisopts=(
display=(TICKS TICKVALUES LINE LABEL ) label=('Fold Change (FC)')
labelattrs=(family='Times New Roman' size=24 )
tickvalueattrs=(family='Times New Roman' size=24 ));
barchartparm category=_GENOTYPE response=_MEAN /
errorupper=_MAX errorlower=_MIN name='barerror' barwidth=0.7
groupdisplay=Cluster outlineattrs=GraphBoxMean(color=CX000000 )
errorbarattrs=(thickness=3 );
endlayout;
endlayout;
endgraph;
end;
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run;
proc sgrender data=WORK.GENE SYMBOL_Mp719_Stats template=Graph;
dynamic _GENOTYPE="GENOTYPE" _MEAN="MEAN" _MAX="MAX" _MIN="MIN";
run;
ODS GRAPHICS OFF;
ODS PDF CLOSE;
ODS RTF CLOSE;

CODES USED FOR STATISTICAL ANALYSIS OF ABSOLUTE
QUANTIFICATION DATA
ODS PDF FILE = 'GENE SYMBOL_ANOVA_CopyNo.pdf';
Data GENE SYMBOL_CopyNo_Genotypes;
length Treatment $ 100;
infile 'GENE SYMBOL_CopyNo_Genotypes.txt' DLM='09'X Firstobs=2;
Input Treatment $ B73 Va35 Mp313E Mp719;
Run;
Proc print data= GENE SYMBOL_CopyNo_Genotypes;
Run;
proc anova data= GENE SYMBOL_CopyNo_Genotypes;
class Treatment;
model B73=Treatment;
means Treatment / tukey alpha=.05 lines;
run;
quit;
proc anova data= GENE SYMBOL_CopyNo_Genotypes;
class Treatment;
model Va35=Treatment;
means Treatment / tukey alpha=.05 lines;
run;
quit;
proc anova data= GENE SYMBOL_CopyNo_Genotypes;
class Treatment;
model Mp313E=Treatment;
means Treatment / tukey alpha=.05 lines;
run;
quit;
proc anova data= GENE SYMBOL_CopyNo_Genotypes;
class Treatment;
model Mp719=Treatment;
means Treatment / tukey alpha=.05 lines;
run;
quit;
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Data GENE SYMBOL_CopyNo_All;
length Genotype $ 100;
infile 'GENE SYMBOL_CopyNo_All.txt' DLM='09'X Firstobs=2;
Input Genotype $ Spore Water Uninoculated;
Run;
Proc print data= GENE SYMBOL_CopyNo_All;
Run;
proc anova data= GENE SYMBOL_CopyNo_All;
class Genotype;
model Spore=Genotype;
means Genotype / tukey alpha=.05 lines;
run;
quit;
proc anova data= GENE SYMBOL_CopyNo_All;
class Genotype;
model Water=Genotype;
means Genotype / tukey alpha=.05 lines;
run;
quit;
proc anova data= GENE SYMBOL_CopyNo_All;
class Genotype;
model Uninoculated=Genotype;
means Genotype / tukey alpha=.05 lines;
run;
quit;
proc sort data= GENE SYMBOL_CopyNo_Genotypes;
by Treatment;
run;
proc means mean std stderr data= GENE SYMBOL_CopyNo_Genotypes print;
by Treatment;
output out=GENE SYMBOL_Stats mean=mean std=std stderr=stderr;
run;
ods tagsets.excelxp file='C:\Users\CopyNo.xls';
title "PROC PRINT Output";
proc print data=GENE SYMBOL_Stats;
run;
ods tagsets.excelxp close;
ods excel file= "";

ODS PDF CLOSE;
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APPENDIX F
PARAMETERS USED FOR PROTEIN IDENTIFICATION FOR 2-DE ANALYSIS
FOR CHAPTER V
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The following content is a demonstrative template of the parameters input in the
Thermo Proteome Discoverer (Thermo Scientific, Waltham, MA), algorithm SEQUEST,
for the identification of protein spots from the 2-DE analysis.

Search name: 2_A03
Search description:
-----------------------------------------------------------------------------Processing node 0: Spectrum Files
-----------------------------------------------------------------------------Input Data:
----------------------------File name(s): F:\PROTEOME_DISCOVERER\
-----------------------------------------------------------------------------Processing node 1: Spectrum Selector
-----------------------------------------------------------------------------1. General Settings:
----------------------------Precursor Selection: Use MS1 Precursor
2. Spectrum Properties Filter:
----------------------------Lower RT Limit: 12
Upper RT Limit: 27
Lowest Charge State: 0
Highest Charge State: 0
Min. Precursor Mass: 300 Da
Max. Precursor Mass: 6000 Da
Total Intensity Threshold: 1000
Minimum Peak Count: 7
3. Scan Event Filters:
----------------------------MS Order: Is MS2
Activation Type: Is Any
Scan Type: Is Full
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4. Peak Filters:
----------------------------S/N Threshold: 3
5. Replacements for Unrecognized Properties:
----------------------------Unrecognized Charge Replacements: Automatic
Unrecognized Mass Analyzer Replacements: ITMS
Unrecognized MS Order Replacements: MS2
Unrecognized Activation Type Replacements: CID
Unrecognized Polarity Replacements: +
-----------------------------------------------------------------------------Processing node 2: SEQUEST
-----------------------------------------------------------------------------1. Input Data:
----------------------------Protein Database: Zea_uniprot_0718.fasta
Enzyme Name: Trypsin (Full)
Maximum Missed Cleavage Sites: 2
2. Decoy Database Search:
----------------------------Search Against Decoy Database: True
Target FDR (Strict): 0.01
Target FDR (Relaxed): 0.5
3. Tolerances:
----------------------------Precursor Mass Tolerance: 1.5 Da
Fragment Mass Tolerance: 0.8 Da
Use Average Precursor Mass: False
Use Average Fragment Masses: False
4. Ion Series:
----------------------------Use Neutral Loss a Ions: True
Use Neutral Loss b Ions: True
Use Neutral Loss y Ions: True
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Weight of a Ions:
Weight of b Ions:
Weight of c Ions:
Weight of x Ions:
Weight of y Ions:
Weight of z Ions:

0.5
1
0
0
1
0

5. Dynamic Modifications:
----------------------------1. Dynamic Modification: Carbamidomethyl / +57.021 Da (C)
2. Dynamic Modification: Oxidation / +15.995 Da (M)
3. Dynamic Modification: Dioxidation / +31.990 Da (M)
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